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Summary 
The human skin plays an important role in people’s lives. It is in constant 
interaction with the environment, clothing and consumer products. 
This thesis discusses one of the parameters in the interaction between 
the human skin in vivo and other materials: skin friction. The thesis is 
divided into three parts. The first part is an introduction to skin friction 
and to current knowledge on skin friction. The second part presents the 
RevoltST, the tribometer that was specially developed for skin friction 
research and which meets the objectives described in the thesis. The third 
part presents the results of the skin friction measurements obtained with 
the RevoltST. 
Part 1
Chapter 1 is a general introduction, shedding light on the subject and 
giving a few examples of skin friction applications. Skin friction can be 
found in virtually all situations. Many products owe their functionality 
to the friction between the product’s surface and the skin. Skin friction 
can be related to skin injuries, and another way of describing comfortable 
skin contact is as the perception of skin friction. The common expression 
for frictional behaviour is the coefficient of friction, which is defined as 
the ratio between the frictional force to the normal load. The study of 
skin friction combines tribology, materials science, dermatology, product 
development and rehabilitation. 
6The objective of this thesis is to determine the effects of variables that 
have been associated with skin friction in the literature. The potentially 
important variables not only include the parameters describing the 
contact situations between the material and the properties of the material 
in contact with the skin, but also the environmental conditions, the skin 
variables and the subject’s characteristics. Statistical analyses will be used 
to determine the effects of the variables. A prerequisite for this approach 
is a large data set, which not only contains skin friction measurements, 
but also information about the potential influential variables. In order to 
obtain such a large data set, a mobile device has to be developed, that is 
suitable for skin friction measurements on the skin on many anatomical 
locations and in interaction with a variety of materials. The portability 
of the device has to enable the researcher to go and measure the subjects 
instead of restricting the researcher to a laboratory setting. 
The review study, shown in Chapter 2, provides insight into skin 
friction. It explains that skin friction can be treated as a system with many 
variables. These variables can be divided into:
- variables of the contact material,
- variables of the skin area of interest,
- subject variables,
- variables of the contact situation between the materials,
- environmental variables. 
The skin is a multilayered material. The three skin layers are: the 
epidermis (outermost layer), the dermis and the subcutis, which connects 
the skin to the underlying tissues. Each layer has a unique composition 
and unique properties, but because the layers are connected to each other, 
the skin owes its peculiar behaviour to the combined properties of the 
three layers. 
There are some quatitative models that can be used to describe skin 
friction, but they do not account for differences in the skin variables and 
the subject’s characteristics. The skin friction measurements described in 
the literature differ largely in the methods used and the conditions under 
which they were taken. These differences make it difficult to compare 
the results. The studies have generally used small numbers of subjects to 
determine the effects of variables on the frictional behaviour. This may 
7explain why there are such large differences in the conclusions. Larger 
numbers of measurements and unambiguous descriptions of the methods 
can help in identifying the influential variables in skin friction. 
Chapter 3 gives a summary of part 1 and presents the point of 
departure for the rest of the thesis.
Part 2
In Chapter 4, the new tribometer is discussed in more detail. The 
cylindrical contact material (Ø  20 mm, 10 mm long) is mounted inside 
the device and can be made of a material of choice. The cylinder makes 
a revolving motion over the skin. This type of relative motion keeps 
the velocity constant over the contact surface and makes it possible to 
measure the effect of the length of the travelled path on the measured 
friction. The velocity between the contact and the skin can be set to a 
value of 1, 2, 5 or 10 mm/s. The normal load between the skin and contact 
material is accomplished by a spring system. The normal load can be 
set prior to the measurement at a value between 0.5 and 2 N. The data 
is digitalised with the built-in A/D-converter and stored in the onboard 
memory. The casing of the device is made of the plastic ABS and special 
attention has been paid to the appearance of the device. It is small (106 
x 69 x 39 mm), light (less than 250 g) and wireless, requiring no external 
power supply to make measurements.
Chapter 5 presents the results of the first measurements. These 
measurements were executed with a stainless steel contact material on 
the ventral forearm. The results indicated that both the normal load and 
the relative velocity are controlled within ± 5 % of the set value. The 
coefficients of friction vary between 0.53 and 1.78, depending on the 
normal load. These results compare to the coefficients of friction reported 
in the literature.
The conclusions of Part 2 are presented in Chapter 6. 
Part 3
The new friction measuring device is used in Chapter 7. The study 
incorporated in this chapter compares the data of 450 skin friction 
measurements with the skin hydration and skin temperature on four 
8anatomical locations on the body, measured with four materials: stainless 
steel, aluminium, PE and PTFE. 
The median skin temperature was 32.1 °C and the median skin 
hydration was 25.5 AU, as measured with a Corneometer. The median 
coefficient of friction was 0.52 for the static coefficient of friction and 0.36 
for the dynamic coefficient of friction. 
There was a linear relationship between the static and dynamic 
coefficient of friction. The coefficient of friction was highest for SST 
and lowest for PTFE. The frictional properties depend on the skin 
hydration and skin temperature. Gender differences were found for both 
skin hydration and coefficient of friction. Most of the variation in the 
coefficients of friction could be explained by the differences in hydration.
Chapter 8 illustrates that there is still limited knowledge on which 
variables affect the frictional behaviour of in vivo human skin. The 
study described in this chapter has used a large data set to identify the 
effect of variables on the human skin, on subject characteristics and 
environmental conditions on skin friction. The data were obtained from 
50 subjects (34 male, 16 female). Friction measurements represent the 
friction between in vivo human skin and an aluminium sample, assessed 
on three anatomical locations. 
The coefficient of friction increased significantly (p < 0.05) with 
increasing age, increasing ambient temperature and increasing relative 
air humidity. A significant inversely proportional relationship was found 
between friction and both the amount of hair present on the skin and 
the height of the subject. Other outcome variables in this study were the 
hydration of the skin and the skin temperature. 
The objective of the study reported in Chapter 9 is to examine the 
variables influencing the skin friction and hydration of the skin using a 
multivariable approach. 
The results are based on a data set containing 634 skin friction 
measurements, obtained from 51 volunteers. The subjects provided 
information on personal characteristics (e.g. age, gender, height) and 
dietary habits (e.g. alcohol intake, eating meat or fish). The dataset was 
completed with skin hydration and skin temperature measurements 
and the environmental conditions. Three models were constructed, for 
9the static and dynamic coefficients of friction and the skin hydration. 
The final models included variables with p-values less than 0.05. Higher 
dynamic coefficients of friction were obtained from older subjects, on the 
index finger, in interaction with materials with a higher surface energy at 
higher room temperatures, whereas lower dynamic coefficients of friction 
were obtained at lower skin temperatures, on the temple with rougher 
contact materials.
The static coefficient of friction increased with higher skin hydration, 
increasing age, on the index finger, with materials with a higher surface 
energy and at higher room temperatures. 
The hydration of the skin was associated with the skin temperature, 
anatomical location, presence of hair on the skin and the relative air 
humidity. 
Chapter 10 gives an indication of the use of the skin friction 
knowledge in the practical application of product development. For this 
purpose, the chapter summarises some important skin characteristics. 
Friction can be used by product developers as the occasion for the 
development of new products, or a reason to improve existing products. 
The conclusions of part 3 are presented in Chapter 11. 
The final part of the thesis are the general conclusions and 
recommendations. 

Samenvatting 
De menselijke huid speelt een belangrijke rol in het leven van 
mensen. De huid is continu in interactie met de omgeving, kleding en 
consumentenproducten. In dit proefschrift staat een van de parameters in 
deze interactie tussen de levende menselijke huid en andere materialen: 
huidwrijving. Dit proefschrift is opgedeeld in drie delen. Het eerste deel 
is een inleiding in de huidwrijving en de huidige kennis op het gebied van 
huidwrijving. In het tweede deel wordt de RevoltST gepresenteerd: een 
tribometer die speciaal ontwikkeld is voor het meten van huidwrijving 
en geschikt is voor het doel van het proefschrift.  De toepassing van de 
RevoltST is beschreven in het derde deel, waarin resultaten en conclusies 
worden gepresenteerd. 
Deel 1
Hoofdstuk 1 geeft een algemene inleiding: het introduceert het 
onderwerp met enkele toepassingen van huidwrijving. Huidwrijving 
speelt een rol in nagenoeg elke situatie. Producten danken hun 
functionaliteit aan de wrijving tussen de oppervlakken van producten 
en de huid. Bovendien kan huidwrijving worden gerelateerd aan 
huidbeschadigingen, en comfort in huidcontact kan ook wel worden 
omschreven als de perceptie van huidwrijving. De huidwrijving wordt 
vaak uitgedrukt in de wrijvingscoëfficiënt, welke gedefinieerd wordt als 
het quotiënt van de wrijvingskracht en de normaalkracht. Huidwrijving 
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valt onder het vakgebied tribologie, alhoewel er ook raakvlakken 
zijn met materiaalkunde, dermatologie, product ontwikkeling en 
revalidatiegeneeskunde.
Het doel van dit proefschrift is het bepalen hoe en of huidwrijving 
wordt beïnvloed door verschillende variabelen die in de literatuur 
in verband zijn gebracht met huidwrijving of eigenschappen van de 
huid. Tot de mogelijk beïnvloedende variabelen behoren niet alleen de 
parameters die de contact situatie tussen de materialen beschrijven, 
of de eigenschappen van het materiaal dat in contact is met de huid, 
maar ook de omgevingsvariabelen, huidvariabelen en de eigenschappen 
van de proefpersoon. Statistische analysetechnieken moeten uitwijzen 
of de variabelen daadwerkelijk een effect hebben op de gemeten 
huidwrijving. De belangrijke voorwaarde voor een dergelijke statistische 
benadering is een grote hoeveelheid gegevens, bestaande uit zowel 
huidwrijvingsmetingen, maar ook informatie over de mogelijk belangrijke 
variabelen. Voor het verkrijgen van een grote hoeveelheid meetgegevens 
dient er een apparaat ontworpen te worden, dat in staat is om de wrijving 
op veel verschillende anatomische plekken op het lichaam te meten. 
Idealiter is dit apparaat draagbaar en in staat om de interactie tussen de 
huid en verschillende materialen te meten. De draagbaarheid van het 
apparaat stelt de onderzoeker in staat om zich naar de proefpersonen te 
begeven, in plaats van hem te beperken tot een vaste opstelling in een 
laboratorium.  
De literatuurstudie, beschreven in Hoofdstuk 2, geeft inzicht in 
huidwrijving. Huidwrijving kan worden beschouwd als een systeem met 
veel variabelen. Deze variabelen worden onderverdeeld in: 
- variabelen van het contact materiaal, 
- eigenschappen van het te bestuderen huidgebied, 
- kenmerken van de proefpersoon, 
- variabelen die de contactsituatie tussen de materialen omschrijven, 
- omgevingsvariabelen. 
De huid bestaat uit meerdere lagen. Van buiten naar binnen worden de 
drie huidlagen epidermis, dermis en subcutis genoemd. De subcutis 
verbindt de huid met de onderliggende weefsels. Elke laag heeft een 
unieke samenstelling en unieke eigenschappen, maar aangezien de lagen 
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met elkaar verbonden zijn, dankt de huid zijn excentrieke eigenschappen 
aan de gecombineerde eigenschappen van de drie lagen. 
In de literatuur zijn modellen beschikbaar die de huidwrijving 
beschrijven. Deze modellen houden echter onvoldoende rekening met 
de huidvariabelen en de kenmerken van de proefpersonen, waardoor de 
modellen slechts beperkte toepasbaarheid hebben. De onderzoeken over 
huidwrijving die in de literatuur omschreven staan verschillen in hoge 
mate in de gebruikte methoden en omstandigheden. Deze verschillen 
bemoeilijken het vergelijken van de resultaten. Over het algemeen 
wordt slechts een klein aantal proefpersonen gebruikt om het effect 
van variabelen te bepalen. Dit is een mogelijke verklaring voor de grote 
verschillen in de conclusies. Een groter aantal metingen op verschillende 
proefpersonen en een eenduidige omschrijving van de meetmethoden 
kan helpen om de beïnvloedende variabelen voor huidwrijving te 
identificeren. 
Hoofdstuk 3 geeft een samenvatting van het eerste deel en schetst de 
uitgangspunten voor de overige delen van het proefschrift. 
Deel 2
De nieuwe tribometer, de RevoltST, wordt in Hoofdstuk 4 in detail 
besproken. Het cilindrisch contact materiaal (Ø 20 mm, 10 mm lang) 
wordt gemonteerd in het apparaat en kan worden uitgevoerd in een 
materiaal naar keuze. De cilinder maakt een draaiende beweging over 
de huid. Met dit type beweging tussen de huid en contact materiaal is 
mogelijk om het effect van de afgelegde weg op de gemeten wrijving te 
bepalen en de snelheid is constant over het contactoppervlak. De snelheid 
kan worden ingesteld op 1, 2, 5 of 10 mm/s. De normaalkracht tussen de 
huid en contact materiaal wordt tot stand gebracht met behulp van een 
veersysteem. De normaalkracht kan voor aanvang van de meting worden 
ingesteld op een waarde tussen 0.5 en 2.0 N. De meetsignalen worden 
gedigitaliseerd met een ingebouwde signaalomzetter en de gegevens 
worden opgeslagen op het interne geheugen in het apparaat. De behuizing 
van het apparaat is vervaardigd van ABS en er is zorgvuldig aandacht 
besteed aan de uitstraling van het apparaat. Het apparaat is klein  
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(106 x 69 x 39 mm), licht (minder dan 250 g) en is in staat om draadloos 
te meten. 
Hoofdstuk 5 presenteert de eerste meetresultaten. Deze metingen zijn 
uitgevoerd met een RVS (roestvast staal) contact materiaal en de huid op 
het ventrale zijde van de onderarm. De meetresultaten tonen aan dat de 
normaalkracht en de snelheid worden gereguleerd binnen ± 5 % van de 
ingestelde waarde. De wrijvingscoefficienten variëren tussen 0.53 en 1.78, 
afhankelijk van de normaalkracht. De resultaten zijn vergelijkbaar met de 
resultaten uit de literatuur over huidwrijving. 
Hoofdstuk 6 sluit dit deel af met de conclusies uit deel 2. 
Deel 3
Het nieuwe meetapparaat is toegepast in Hoofdstuk 7. In de studie die 
in dit hoofdstuk beschreven staat worden 450 huidwrijvingsmetingen 
vergeleken met de hydratatie van de huid en de huidtemperatuur. De 
metingen zijn verricht op vier plaatsen op het lichaam, in interactie met 
vier materialen: RVS, aluminium, PE en PTFE. 
De mediaan huidtemperatuur is 32.1 °C en de mediaan hydratatie is 
25.5 AU, gemeten met een Corneometer. Voor de wrijvingscoëfficiënt 
is de mediaan voor de statische wrijvingscoëfficiënt 0.52 en voor de 
dynamische wrijvingscoëfficiënt 0.36.
Er is een lineair verband gevonden tussen de statische en dynamische 
wrijvingscoëfficiënt. Voor RVS is de wrijving hoger en voor PTFE 
is de wrijving lager in vergelijking met de andere materialen. De 
wrijvingseigenschappen zijn gerelateerd aan de hydratatie van de huid en 
de huidtemperatuur. Voor zowel de hydratatie als de wrijvingscoëfficiënt 
zijn verschillen tussen mannen en vrouwen gevonden. Het grootste deel 
van de variatie in de wrijvingscoëfficiënt kan verklaard worden door de 
verschillen in hydratatie van de huid.
Hoofdstuk 8 beschrijft dat er nog beperkt inzicht is in welke 
variabelen invloed hebben op het wrijvingsgedrag van de menselijke 
huid in vivo. In dit hoofdstuk wordt een studie beschreven waarin een 
grote dataset is gebruikt om de belangrijke variabelen voor huidwrijving 
te identificeren. De dataset bestaat naast huidwrijvingsgegevens uit 
huidgerelateerde variabelen, kenmerken van de proefpersonen en 
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omgevingsvariabelen. Voor de dataset zijn 50 proefpersonen gemeten (34 
mannen, 16 vrouwen). De huidwrijvingsmetingen zijn uitgevoerd tussen 
de huid op drie anatomische locaties en een aluminium cilinder. 
De wrijvingscoefficient is significant hoger (p < 0.05) voor een hogere 
leeftijd van de proefpersoon, hogere omgevingstemperatuur en een 
hogere luchtvochtigheid. Een omgekeerd evenredig verband is gevonden 
tussen de wrijving en zowel de hoeveelheid haar op het huidgebied 
als de lengte van de proefpersoon. In deze studie is tevens gekeken 
naar het effect van de variabelen op de hydratatie van de huid en de 
huidtemperatuur. 
Het doel van de studie die beschreven staat in Hoofdstuk 9 is het 
onderzoeken welke variabelen de huidwrijving of de hydratatie van de 
huid beïnvloeden middels een multivariabele benadering.
De resultaten zijn gebaseerd op een dataset met 643 
huidwrijvingsmetingen, verkregen op 51 vrijwilligers. De proefpersonen 
hebben informatie verstrekt over persoonlijke kenmerken (bv. leeftijd, 
geslacht, lengte) en eetgewoonten (bv. alcohol gebruik, eten van vlees 
of vis). De dataset is aangevuld met meetresultaten van de hydratatie 
van de huid, de huidtemperatuur en de omgevingsvariabelen. Drie 
afzonderlijke modellen zijn opgesteld: voor de statische en dynamische 
wrijvingscoëfficiënt en de hydratatie van de huid. In de uiteindelijke 
modellen zijn alleen die variabelen opgenomen met een p-waarde kleiner 
dan 0.05. 
Hogere dynamische wrijvingscoëfficiënten zijn gemeten op oudere 
proefpersonen, op de wijsvinger in contact met materialen met een 
hogere oppervlakte-energie en bij hogere omgevingstemperaturen, terwijl 
lagere wrijvingscoëfficiënten zijn gemeten bij lagere huidtemperaturen, op 
de huid ter hoogte van de slaap met ruwere contact materialen. 
De statische wrijvingscoëfficiënt neemt toe met hogere 
hydratatiewaarden van de huid, toenemende leeftijd, op de wijsvinger 
met materialen met een hoge oppervlakte-energie en bij hogere 
omgevingstemperaturen. 
De hydratatie van de huid is gerelateerd aan huidtemperatuur, 
anatomische locatie, de hoeveelheid haar op het huidgebeid en de 
relatieve luchtvochtigheid. 
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Hoofdstuk 10 geeft aan hoe de kennis van huidwrijving kan worden 
toegepast in de praktijk, in dit geval van de productontwikkeling. 
Hiertoe wordt in dit hoofdstuk een aantal belangrijke huideigenschappen 
uitgelegd. Wrijving kan voor productontwerpers de aanleiding zijn om 
nieuwe producten te ontwikkelen of een reden om bestaande producten 
aan te passen en te verbeteren.
De conclusies van deel 3 worden beschreven in Hoofdstuk 11. 
Het proefschrift sluit af met algemene conclusies en aanbevelingen 
voor verder onderzoek.
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Glossary
Symbols
γ Effective surface energy of the sample, in [mN/m].
µ Coefficient of friction, calculated as the quotient of the 
friction force and normal load, [-]. 
µstatic Static coefficient of friction. Defined by the peak value in the 
coefficient of friction in the first second after the movement 
was initiated, measured as a peak over more than 100 data 
points. In cases in which no peak was visible the µstatic and 
µdynamic were assumed to be equal. 
µdynamic Dynamic coefficient of friction. Defined as the mean value of 
the data points after the coefficient of friction had stabilised. 
ω Speed of rotation in [rpm].
C Constant, with no further specified unit.
fsample Sample frequency for the digitalisation of an analogue signal.
Ffriction Friction force, the force caused by the resistance against the 
motion between the skin and contact material, parallel to the 
contact area between the interacting materials, in [N].
Fnormal Normal load: the force between the skin and contact 
material, in [N].
FFFA Fluctuation in frictional force amplitude, a measure for the 
micro-deformations of the skin, in [N].
L0 Unloaded length of a compression spring, in [mm].
Lspring Length of a compression spring in [mm].
n Exponent commonly used in skin friction models described 
in the literature, [-].
R Radius of a circle in [mm].
Ra The arithmetic mean surface roughness, in [µm].
t Time in [s].
v Velocity in [mm/s].
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Material abbreviations
ABS Acrylonitrile butadiene styrene.
AL Aluminium.
PA Polyamide, also referred to as Nylon.
PC Polycarbonate.
PE Polyethylene..
PTFE Polytetrafluorethylene, also referred to as Teflon.
SST Stainless steel.
IPA Isopropanol, also isopropyl alcohol or 2-propanol.
Abbreviations for the anatomical locations
d dorsal side of a specific part of the body.
IFP Pad of the index finger.
FAV Ventral aspect of the forearm.
FAD Dorsal aspect of the forearm.
p Palmar or plantar side of the hand or foot respectively.
TEM The skin over the pterion, better known as the temple.
v ventral side of a specific part of the body.
Abbreviations related to the skin
NMF Natural moisturising factors, a combination of substances 
important in the hydration of the skin. 
TEWL Transepidermal water loss, the water that evaporates from 
the skin.
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Statistical abbreviations
α Siginficance level. The probability that the measured effects 
are caused by chance alone.
β Regression coefficient, the multiplication factor for the 
predictor variable to express the dependent variable. 
ANOVA Analysis of variance. 
IQR Interquartile range, the difference between the 75th and 25th 
percentile.
K-S Kolmogorov-Smirnov test.
K-W Kruskal-Wallis test.
LOC Level of confidence, the value used to reject the statistical 
null hypothesis.
M-W Mann-Whitney U test.
p Probability of a statistical test.
rs Spearman’s rank order correlation coefficient rho.
R2 Explained variance of a regression model.
sem Standard error of the mean.
Other abbreviations
DC Direct current
LiPo Lithium polymer, a type of rechargeable battery.
USB Universal serial bus, a connection for digital communication 
between electronic devices and computers. 
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Introduction 
1.1 what is skin friction
In daily life, the human skin is constantly in interaction with other 
materials. These materials vary from natural materials (such as wood, 
skin and hair), to plastics and metals. The frictional characteristics in 
these interactions are important for the functioning of the skin, they help 
people to assess comfort in skin contacts and, as the following example 
will illustrate, they can be an important factor in skin injuries. 
For hikers, a common complaint leading to suspension of the activity 
is a blistered foot. Experienced hikers claim that the right combination of 
hiking shoes and socks is crucial to diminishing the risk of blisters. The 
friction between the foot and sock plays a major role in the development 
of blisters. When a shoe does not fit well, it may give rise to pressure 
points: areas in which the normal load between the combination of the 
shoe and sock and the skin is locally increased. This may also increase 
local friction forces. Blisters occur when the friction force exceeds the 
shear strength of the skin, resulting in a separation of the internal skin 
layers.1-3 Conversely, too little friction creates a feeling of loose shoes 
and slipping out of the shoes. Skin friction has been reported as possibly 
depending on the age and gender of the subject.4-9 The relationship 
between skin friction and both age and gender can eventually lead to the 
development of specialised hiking socks: for example, specific socks for 
female hikers in their twenties and socks for middle-aged men. 
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This example illustrates a common skin friction application, and 
shows that the application of knowledge on skin friction can be used to 
help make life easier or more comfortable. 
1.1.1 Friction and tribology
Friction is a system property, which indicates that it depends on multiple 
factors, such as the material properties, contact parameters and the 
environment. The term friction is one of the important recurring 
expressions in the thesis. In this introduction, definitions of terms are 
explained in more detail. Friction has been defined as “the resisting force 
tangential to the common boundary between two bodies when, under the 
action of an external force, one body moves or tends to move relative to 
the surface of the other”.10(p35) 
Friction is one of the themes in tribology, an engineering technology 
which is defined as “the science and technology of interacting surfaces in 
relative motion and of the practices related thereto”.10(p62) The frictional 
behaviour is usually expressed in the coefficient of friction, which is 
defined as “the ratio obtained by dividing the tangential force resisting 
motion between two bodies by the normal force pressing these bodies 
together”.10(p23) This can be described by the following equation:
Equation 1: µ = Ffriction / Fnormal 
In this equation, µ is the dimensionless coefficient of friction, Ffriction 
and Fnormal refer to the friction force and the normal force respectively.
In sliding contacts, two coefficients of friction are distinguished: the 
static coefficient of friction and the dynamic coefficient of friction. In 
tribology the definitions of these coefficients of friction are based on 
two values of the friction force referred to as limiting static friction and 
dynamic friction:
Limiting static friction: the resistance to the force tangential to the 
interface which is just sufficient to initiate relative motion between two 
bodies under load.10(p40)
Dynamic friction: the friction between two surfaces in relative 
motion.10(p29)
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1.1.2 Skin friction
Skin friction research is actually on the interface between tribology, 
materials science, dermatology, product development and rehabilitation 
medicine. 
The term “skin friction” will be used in this thesis to refer to the 
friction between in vivo human skin and an arbitrary contact material. 
The term skin friction actually can lead to confusion: it must be noted 
that skin friction is not a property of the human skin. Skin friction 
involves the interaction of the skin and the contact material, and 
consequently it depends on the properties of the skin, the contact 
material and its properties, the parameters of the contact between the 
materials and the environment surrounding the materials. 
The importance of the interaction between the skin and a product 
is illustrated with the example of the process of buying clothes. When 
people buy clothes, they go through a few typical steps. The first step is 
the visual inspection: they look to see whether a shirt or a pair of trousers 
looks good and appears to be comfortable. The second typical step is 
feeling the fabric with the hands. The friction between the skin on the 
hands and the textile of the garment will give the customer an indication 
of how soft and pliant the fabric is. This appreciation not only depends on 
friction, but also on how the fabric has been applied and the expectations 
of the customer. Skin friction is believed to vary for various parts of the 
body.9,11-14 Therefore, a fabric that feels comfortable to the hand does not 
necessarily feel comfortable when it is used for a pair of trousers and 
makes contact with the skin on the thighs. The last step in the buying 
process is to try on the garment to discover whether the garment fits or 
not, but also to experience the interaction between the fabric and the 
skin. 
Another example is the use of mobile phones. The touch and feel of 
these products are important. Initially, users assess the friction between 
their hands and the cover when they grab the phone: can I handle and 
operate the phone without dropping it? The growing popularity of 
gesture-controlled touch screens in mobile phones means that operating 
a phone also involves skin friction. The pad of the index finger slides over 
the surface of the screen. There are differences between screens. Some feel 
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smooth and soft, while others seem too smooth and the finger appears 
to stick to the screen. There are also circumstances that can influence 
this interaction between the finger and the screen: in summer, if it is hot 
outside, hands might be a bit sweaty and moist and using the touch screen 
becomes more complicated. The finger may not slide smoothly over the 
screen, but will bump over the surface, thereby hindering the operation of 
the phone. 
1.1.3 The relevance of skin friction
These examples illustrate that skin friction plays a role in a wide variety 
of situations. There is friction between the skin and the pen you use to 
write, without skin friction it is impossible to lift a coffee cup from a table, 
and when sitting there is friction between skin on the bottom, the legs, 
clothing, and the chair. 
In short: skin friction is important for everyone in practically every 
situation. In some situations it is just the skin and a product that are in 
interaction, like the hand and a cup, but in other situations multiple layers 
are involved, for example in shoes. 
Skin friction can literally be a matter of life and death for patients 
under several pathological conditions. Bedridden patients run a great 
risk of developing decubitus ulcers, otherwise known as bedsores. It has 
been generally accepted that these ulcers are caused by locally increased 
pressures. Nowadays, researchers acknowledge that the risk of decubitus 
ulcers is also influenced by the shear stresses acting on the skin, caused by 
friction between the skin and the combination of mattress and bedding. 
Another example is Epidermolysis Bullosa, a skin disease in which the 
slightest amount of skin friction can lead to blisters and wounds. These 
examples illustrate why having insight into skin friction may help reduce 
injuries and ailments. 
In general, knowledge of skin friction can be used in the following 
ways: to improve the functionality of products, to prevent unwanted 
slipping of objects or, conversely, objects that unintentionally just stick 
to the fingers. Skin friction can also be used to gain the experience of 
high quality by simply improving the tactile perception of products, to 
create greater comfort in clothing, or to prevent slips in a bathroom or a 
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swimming pool. And finally, this knowledge can be used to create skin 
care products that make the skin feel soft and supple, to make the use 
of products more comfortable, and to limit the adverse effects of skin 
friction, such as friction blisters and grazes. However, skin friction raises 
a lot of questions, is fraught with uncertainties, and a lot remains to be 
discovered. 
1.2 scoPe of this thesis
This thesis will focus in particular on measuring skin friction and 
the identification of influential variables for skin friction. Until now, 
skin friction research has focused predominantly on the effects of the 
parameters of the contact between the materials and on the material in 
contact with the skin. In this thesis, the effect of the variability between 
individuals and skin characteristics will be examined, and statistics will be 
used to substantiate the findings. This approach requires a large data set 
of skin friction measurements as well as the characteristics of the subject, 
skin sample, contact material and environment. In order to collect 
sufficient data, a portable device has been developed that is suitable 
for measuring the friction between living human skin and a variety of 
materials. The availability of a mobile device will enable the researcher to 
go to the subjects rather than subjects being required to make the effort 
to visit a laboratory. Consequently, a large number of subjects can be 
reached. For optimum applicability, also outside a laboratory setting, the 
measuring device has to be cordless and portable. 
This thesis includes those measurement techniques and variables that 
can be assessed without the expertise of specialists such as radiologists 
or microscopists. Because no hospital or medical centre has participated 
in this research project, only those variables are included that can be 
measured non-invasively, without causing pain and without damaging the 
skin. 
1.2.1 Objectives of this thesis
In short, the objectives of this PhD project are:
- The design, construction and validation of a tribological sensor 
for in vivo measurement of friction at a random spot on the 
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human skin. Ideally this friction sensor should be (1) small; (2) 
portable and wireless; (3) able to evaluate a range of materials.
- To contribute to the knowledge of skin friction, especially by 
determining the effect of parameters that are thought to be 
related to the skin’s frictional behaviour. 
1.3 outline of the thesis
This thesis consists of three parts and is subdivided into eleven chapters. 
Part 1 is an introduction to the human skin, friction and skin friction. 
It describes what skin friction is, where it can be found and what is 
known about it. Furthermore, it illustrates the relevance of the subject. 
This part describes the reason behind developing the new equipment, 
as well as the introduction to skin friction in particular. The current 
chapter, Chapter 1, is the general introduction. This chapter illustrates 
the relevance of the object of study as well as the objective of the thesis. 
Chapter 2 presents the current state of science in the form of a literature 
review. The first part ends with Chapter 3: the conclusions on how the 
knowledge of skin friction will be used for the development of a new 
device for skin friction measurement.  
The voids in knowledge that were identified in Part 1 are used in 
Part 2, describing the development of a new skin tribometer in order to 
be able to fill those gaps. This part explains the technical aspects of the 
device. Chapter 4 describes the background of the RevoltSkinTribometer, 
abbreviated to the RevoltST. The device is described from design 
specifications right through to the presentation of the device. The validity 
and usability of the new device were confirmed using a pilot study. 
The results of this pilot are described in Chapter 5. Chapter 6 gives a 
summary of the second part of this thesis.
In Part 3, the results obtained by employing the RevoltST in practice 
are shown. It focuses more on variability in skin friction between 
individuals. Influences of the contact material and the contact parameters 
on skin friction have been described extensively in the literature, but there 
is limited knowledge of the contribution made by the skin’s properties 
and the subject’s characteristics. Chapter 7 focuses on the relationship 
between skin friction and the skin parameters with regard to hydration 
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and temperature. In Chapter 8, the influence of a wider range of variables 
has been assessed. These variables include primarily subject variables, 
skin characteristics and environmental conditions, while the contact 
parameters such as normal load, contact material and relative velocity are 
maintained constant for all measurements. 
Skin friction data can be used to construct predictive models, in 
which information about influential variables can be used to predict the 
friction between a certain material and the skin. Such models are based 
on statistics and acknowledge the multivariable character of skin friction. 
Using a large database of skin friction measurements obtained using 
the RevoltST, the predictive models for skin friction and skin hydration 
are constructed and presented in Chapter 9. Chapter 10 illustrates the 
practical relevance of skin friction. Until now it has only been possible to 
assess the frictional properties of a product after it is really produced. In 
the future, manufacturers of consumer products might be able to use skin 
friction data to develop new products or to improve their products during 
in an early stage of the development process. The conclusions of the third 
part are presented in Chapter 11.
The thesis will close with the general conclusions that have been 
reached and the recommendations that are proposed. 
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Skin friction: the fundamentals 
2.1 introDuction
The human skin is built from several layers, vessels, sensors and other 
structures. All together these form the integumentary system. The 
integumentary system is one of the organ systems in the human 
body.1-4 Other examples of organ systems are the respiratory and 
circulatory systems. The integumentary system constitutes the barrier 
between the internal and external world, thereby regulating body 
temperature and protecting the body from dehydration and hazardous 
external influences.1-9 Furthermore, in daily life the human skin is 
constantly in interaction with materials used in a large variety of 
products, objects, clothing and footwear. 
In this interaction, the friction between the skin and the product’s 
material is an important parameter. 8-58 This friction plays a major role in 
people’s everyday life: on the one hand, friction enables them to grab and 
handle objects and allows locomotion; while on the other hand, too much 
friction can cause blisters, abrasions and ulcers. 
In the early fifties, research on skin friction focused on skin 
diseases,57-60 and in the seventies, attention shifted towards friction-
induced injuries in military applications, such as the development of 
blisters on the feet of marching soldiers.58,59,61 Since then, several studies 
have looked at how various factors can influence on skin friction, for 
example age, gender, anatomical location and the effect of adding water or 
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skin care products to the skin surface. The interaction of skin with a large 
variety of materials has been studied, including metals, plastics, textiles 
and biological materials. Although skin friction has been paid more 
attention, knowledge about it is still limited and there is a great deal of 
variation in the results. 
The aim of this chapter is to provide insight into the interaction 
between human skin and objects. For this purpose, the tribological 
model of skin friction will first be explained. Subsequently, this review 
will continue by giving information about the human skin, because it is 
essential for gaining a clear understanding of skin friction. The following 
sections will give an overview of the current tribological knowledge of 
skin, by discussing results, conclusions, differences and similarities that 
are found in the literature.
2.2 tribology anD skin friction
Tribology is a technical discipline that focuses on the interaction between 
two contacting surfaces of materials that move relatively to each other.9-12 
Traditionally, tribology focuses on ‘engineering systems’, i.e. metals, 
bearings, machinery and the lubrication of such systems. However, 
interest in biological materials like the human skin is growing.8-58 Besides 
lubrication and wear, friction is one of the major topics in tribology.
2.2.1 The tribological system of skin friction
In tribology, a usual way to describe a situation is the tribological system. 
Such a system includes not only the influence of the two materials, in 
this case the human skin and another material, but also the environment 
of the materials and the contact parameters, such as the force with 
which the two materials are pushed together (normal load), the type of 
movement and the velocity of the relative motion. Figure 2.1 shows a 
schematic representation of a tribological system of skin friction. 
The material in contact with the skin, also referred to as contact 
material, can be described in terms of the type of material, the surface 
topography, the electrical properties or thermal conductivity of the 
material. Such characterisation is commonly used in engineering 
tribology. 
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Input
- personal characteristics
- skin variables
- properties of contact material
- contact parameters
- environmental conditions
Output
- friction force
- functional interaction with products
- comfort in the perception of touch and feel
- skin injuries, local redness of the skin
v
Ffriction
Fnormal
boundary of the system
human skin
contact material
Figure 2.1 Tribological system of skin friction.
Somewhat different are the properties of the area of interest with 
respect to the skin, also referred to as the anatomical location. The skin 
is a living material; therefore it is not only the skin of the anatomical 
location of interest that is important for the frictional properties, but 
also the characteristics of the individual subject. These skin and subject 
characteristics will be discussed more extensively in Section 2.3.
Other variables that influence the friction measured on the human 
skin include the environment and the contact parameters. These factors 
are usually described in terms of ambient temperature, relative air 
humidity, and normal load, relative velocity and type of movement 
respectively.
2.2.2 The laws of friction
The tribological properties are usually expressed in the coefficient of 
friction (µ), which is defined as the ratio of the friction force (Ffriction) to 
the applied load (Fnormal), and can be calculated with Equation 1, given in 
Chapter 1. 
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Early in the sixteenth century, Da Vinci was the first to report on the 
relationship between friction and normal load.57,58 As his manuscripts 
were lost for a couple of centuries, Amontons is regarded as the founder 
of the first two laws of friction in 1699.9,10,13,16,19-22,46-58 Coulomb added the 
third law about dynamic friction in the eighteenth century.13,16,19,52-54,57 The 
findings of Amontons and Coulomb are embraced in the three laws of 
friction:
1. The force of friction is directly proportional to the applied load.
2. The force of friction is independent of the apparent area of contact.
3. The force of dynamic friction is independent of sliding speed.
These laws apply to dry friction, without lubricants, and when the 
materials deform elastically. As friction involves the interaction of two 
materials, it depends on the properties of both materials, and the static 
as well as the dynamic coefficient of friction apply to that particular 
combination of materials under the circumstances in which they are 
used. 
2.3 skin anD skin ProPerties
The human skin of an adult has a surface area of approximately two 
square metres.2,7 The thickness of the skin varies over the body: ranging 
from less than a millimetre on the eyelids to several centimetres in the 
abdominal region.1,2,6-9,18-20 The skin’s characteristics (such as thickness, 
strength, elasticity and colour) depend on various subject related 
variables, for example age, gender, body composition, race, stress, season, 
nutrition and mechanical load.1-7,19-23,62,63  
In humans, three types of skin are distinguished: mucocutaneous, 
glabrous and hairy skin.2,18 Mucocutaneous skin is found on the lining 
of body orifices, and can be seen on the lips. This type of skin originates 
from the mucous membrane (or mucosa) which lines cavities inside the 
body. Mucocutaneous skin does not belong to the integumentary system 
and therefore this type of skin is outside the scope of this thesis. 
Glabrous skin is hairless and found only on the palms of the hand and 
the soles of the feet (i.e. palmar and plantar skin respectively). All other 
skin is covered with hair and is thus called hairy skin. 
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2.3.1 Skin layers and 
structures
The skin (Figure 2.2) is composed of 
three layers: the epidermis, dermis 
and subcutis.2,3,6-10,17,18,64-70 
Although the layers of the skin 
are connected to each other and the 
transition is not always clear, the 
layers each have a separate function, 
a unique composition and different 
properties.4,9,42,71 
The subcutis is the bottom layer of the skin and is characterised by 
great flexibility and the presence of adipocytes: cells containing fat.2,7,17,18 
There is much variation in the thickness of the layer among anatomical 
locations and among individuals. The functions of the subcutis are 
storage of energy, insulation and protection of the skin and, especially, its 
embedded vessels and nerves from pressure from protruding bones.2 
On the inside, the subcutis connects the skin to the fascia generalis. 
This is a thin and strong wrap of connective tissue that encloses all 
organs, bones and muscles in the body. Underneath the fascia generalis, 
various structures are found: bones, ligaments, vessels, nerves, muscles 
and tendons. Sometimes bursae can be found in between the fascia 
generalis and the underlying bones, in order to facilitate the movement 
of the skin over the bones. This function of one of the bursae can be felt 
when moving the skin over the kneecap. 
The dermis is built from collagen connective tissue and elastin, which 
makes the dermis strong and elastic2,7,17 The fibres of collagen and elastin 
are surrounded by interstitial fluid, cells and other dermal structures.9,72 
The dermis is on average two millimetres thick and is composed of two 
layers: stratum reticulare and stratum papillare. The lower layer of the 
dermis, stratum reticulare, consists of thick bundles of collagen fibres, 
interwoven with a network of elastin. The direction of the collagen fibres 
strengthens the skin in certain directions. The upper stratum papillare 
epidermis
dermis
subcutis
Figure 2.2 Impression of the layers and structures in the skin.
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is characterised by dermal papillae: ripples in the transition between the 
dermis and epidermis, creating a large area of contact.2,17,62,63 
The epidermis is the outer layer of the skin and therefore acts as the 
first barrier to keep external hazards from entering the body and water 
from leaving the body through the skin.1,7,17,18,69,73-75 The epidermis consists 
of three types of cells: keratinocytes, melanocytes and Langerhans cells.2,4 
Keratinocytes migrate from the boundary with the dermis to the outer 
surface, hereby going through several developmental stages: cells of 
epithelial material are made at the inner membrane, they fill with the 
insoluble protein keratin then get dehydrated and finish at the surface as 
dead cell envelopes bound together by keratin.2,4,9,69,70,73,74 The dead cell 
envelopes are also referred to as corneocytes. Based on the developmental 
stage of the keratinocytes, several layers are distinguished in the 
epidermis. Glabrous skin is made up of five epidermal layers, whereas 
hairy skin is made up of four. From the inside to the outside, the layers 
are: stratum basale at the boundary with the dermis, stratum spinosum, 
stratum granulosum, stratum lucidum (which is only present in glabrous 
skin) and the outermost stratum corneum. 
Whereas the keratinocytes move to the surface, the other epidermal 
cells are anchored in the stratum basale. Melanocytes produce the 
pigment involved in the skin’s colour and UV protection. The pigment 
is transferred to the keratinocytes and gives the skin its tan. Langerhans 
cells account for early signalling of injury and invaders like bacteria and 
viruses, and for the mobilisation of other cells to repair the injured skin or 
repel the invasion.
The thickness of the epidermis ranges from 0.07 mm in areas with 
little mechanical load to several millimetres in highly loaded plantar skin. 
The thickness of the epidermis is largely determined by the thickness of 
the stratum corneum, as mechanical influences locally thicken this layer. 
This locally thickened skin is better known as callus. 
Structures in the skin
The skin contains several specialised structures: nails, hair follicles, 
somatic sensors, blood and lymph vessels, and sebaceous and eccrine 
glands.2,4,7-11,18,23,24,69,70,73,76
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The nails on the distal phalanges of the fingers and toes are a 
specialisation of the epidermis.2 Although it is popularly thought that 
nails stem from mammalian claws, nails are different from claws in both 
composition and function. Human nails are made of keratin and their 
function is to protect the distal phalanges, to prevent them from bending 
and nails are useful in handling small objects.2
The hair follicles in hairy skin produce hairs. The function of human 
hairs on the head is to locally protect the skull, while in other regions 
hairs enhance sensitivity.
The dermis houses several somatic sensors which are responsible 
for the detection of touch, pain, vibration and temperature.4,76 Other 
structures in the skin are sebaceous and eccrine glands, and blood and 
lymph vessels. Sebaceous glands produce sebum, which is used to keep 
the skin and hair supple and protects the skin against bacteria and fungi. 
Eccrine glands produce sweat, which is used in the regulation of the body 
temperature.2,7 Glabrous skin has a high density of eccrine glands, but 
does not contain sebaceous glands or hair follicles. The substances that 
are secreted by the glands in the skin contain substances such as salts, 
lipids and amino acids.
The blood and lymph vessels in the skin regulate the supply of 
nutrients and oxygen to the skin and the removal of waste products. The 
blood vessels are also important in regulating the body temperature: 
when blood flows through the superficial vessels, the body loses heat 
through the skin, whereas the fat insulating the deeper subcutaneous 
vessels helps the body to get warm.1-3 
2.3.2 Skin properties
Barrier function
The outermost layer of the epidermis, the stratum corneum, consists 
of the remainder of the emptied keratinocytes (or corneocytes), bound 
together by the keratin that previously filled the keratinocytes. The 
stratum corneum is often described as having a brick and mortar 
structure: the dense structure of corneocyte bricks and keratin mortar 
makes it very difficult for external hazards to attack the body through 
the skin and for body fluids to leave the body through the skin. The 
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empty cell envelopes are surrounded by a combination of substances like 
amino acids, salts and lactate. These substances, referred to as natural 
moisturising factors (NMFs), play an important role in the hydration 
of the stratum corneum69,74,75 The NMFs regulate the content of water 
embedded in the stratum corneum, which is essential for its condition. 
A healthy stratum corneum is essential for the defence mechanism and 
dehydration function of the skin as a whole.69,70,73 
Notwithstanding its barrier function, the skin is permeable to 
certain substances, allowing them to enter the body through the skin, 
particularly fatty alcohols, which are often used in surfactants, detergents 
and cosmetics. The permeability of the skin varies over the body4,69 The 
eccrine glands and sebaceous glands allow water, salts, lipids and amino 
acids to leave the body in a controlled way.
Skin characteristics 
The thickness of the skin layers varies over the body, although typically 
the epidermis is thinner and the subcutis thicker than the dermis. There 
is also large variation between individuals in the thickness of the skin. 
The arrangement of the collagen fibres in the skin strengthens the skin 
in certain directions. The direction of the fibres is mapped by Langer’s 
lines77 and largely resembles the direction in which the muscle tissue 
underneath the skin contracts. The fibres give the skin its anisotropic 
character, meaning that the skin’s behaviour, like strength and elasticity, 
are directionally dependent. 
The hydration level of the skin is influenced by the environment. A 
humid and hot environment increases the amount of water embedded 
in the skin. The skin care routine of an individual also influences the 
hydration level of the skin. The use of natural soap decreases the skin’s 
acidity and rinses away the NMFs. The somewhat acid skin creates an 
intolerable climate for unwanted bacteria. Dehydrated skin is less healthy 
and has a decreased barrier function. Producers of skin care products 
aim at what is referred to as plasticised skin: a condition in which the 
hydration level of the stratum corneum is increased, thus optimising the 
barrier function.
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The skin is a viscoelastic material. The fluids in the skin are 
responsible for the viscoelastic properties.9,42,78 Examples of fluids in the 
skin are blood, lymph fluid and interstitial fluid. External loads can push 
away the fluid into adjacent skin areas. After removal of the load there 
is some delay in the flow back, which gives the skin its time-dependent 
character. The skin can stretch, grow and expand, but when the skin is 
stretched too much in a relatively short period of time, the collagen fibres 
can break. An example of this is stretch marks in pregnancy.
The friction measured at the surface of the skin not only reflects 
the interaction between the skin and the material it is interacting with, 
but also its viscoelastic behaviour, the thickness of the skin, the level of 
hydration and other skin characteristics. 
2.4 skin friction results
In the literature on skin friction, a large variety of objectives has been 
reported: some studies focus on the contact parameters and have reported 
equations for the relationship between the normal load, real area of 
contact between the materials and the coefficient of friction. Others 
aimed at determining the effects of applying water or other contaminants 
to the tribological system. These studies are listed in Table 2.1 on 
pp 60 - 63. 
2.4.1 Modelling the friction concerning human skin
Although some studies23,46,58 confirm that the laws of friction apply to the 
human skin, others10,13-21,53-57 find that an increase in the normal load leads 
to a decrease in the coefficient of friction. The relation between µ and the 
applied normal load will also depend on the structure of the interacting 
material (e.g. sheet or textile)13,14,57 and the hydration of the skin.18,19,25-27,57
Comaish & Bottoms57 were the first to report that the laws of friction 
probably do not apply to a viscoelastic material such as skin, and several 
alternative theories and hypotheses for the friction of human skin have 
been suggested since. Alternative theories are given by Wolfram,20 
Adams,18 Mossel,51 and Dowson.48 In these models, the friction force is 
composed of a part caused by the deformation of the materials, and of a 
part that results from the adhesion between the two surfaces. 
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From a contact mechanics point of view, most models trace back to 
the Hertz theory,9,14-16,20,23,26,46,52,56 assuming a pure elastic contact situation 
without adhesion between the surfaces.18 A friction model for skin that 
also accounts for adhesion is summarised in Equation 2.14-16,18,57
 Equation 2:  Ffriction ~ C * (Fnormal) n
Combining equations 1 and 2, the relationship between the normal load 
and the coefficient of friction can be expressed as:14,18,57 
 Equation 3:  µ ~ C * (Fnormal) (n-1)
In which the constant and n are determined by the properties of the 
tribological system. Based on these models, in friction situations 
primarily influenced by adhesion, n has a value of 2/3,20 and in friction 
situations with primarily (sub-)surface deformations of the skin, n is 
4/3.18 According to Comaish & Bottoms,57 n should be smaller than 1; 
although El-Shimi16 is more specific: between 0.66 and 1. Other values for 
n reported in the literature range from 0.73 to 1.07.12,16,18,55,56 
The constants in the equations include an estimation of the real 
area of contact, which can be calculated based on the roughness of 
the skin and the topography of the contact material. The estimation is 
based on parameters such as the elastic modulus and an indicator for 
the viscoelastic behaviour of the skin. Determining these parameters 
is complex and time-consuming. For example the elastic modulus of 
the skin has been obtained through in vitro techniques or measuring 
techniques that are uncomfortable for the subjects. Furthermore, some 
studies conclude that “the” elastic modulus for the skin does not exist: 
this modulus depends on the position of the limb, the muscle tension and 
many more variables.77-79 The model from the literature describing the 
frictional behaviour of the human skin is not accurate enough to predict 
skin friction. 
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2.4.2 Skin friction measurement
Naylor54 was the first to report on the measurement of skin friction, 
measured with a reciprocating linear movement between the skin and 
contact material (Figure 2.3a). Comaish et al.28 were the first to use a 
rotating indenter to measure skin friction. The axis of rotation of the 
annular contact material was perpendicular to the surface of the skin 
(Figure 2.3b) Rotation allows for continuous movement with larger 
displacements than is possible with linear movements, without being 
affected by the anisotropic properties of the skin. Highley29 used a 
rotating contact material with the axis of rotation parallel to the surface 
of the skin (Figure 2.3c), allowing for continuous movements, while the 
anisotropic properties of the skin could be taken into account. In the early 
nineties, Dinc30 measured the friction between the skin on the tip of the 
finger sliding over a flat sample of material attached to a load cell (Figure 
2.3d). The results reported in the literature for skin friction measurements 
were obtained using a large range of measurement conditions: besides the 
variation in the type of relative motion, large ranges for normal load and 
velocity have been used: 0.01 - 70N and 0.13mm/s - 3.5m/s respectively.
2.4.3 Starting point for this thesis
The reported skin friction has a large range: the reported values for the 
dynamic coefficient of friction range from 0.0716 to 5.0,8 and the values for 
the less commonly reported static coefficient of friction range from 0.1144 
to 3.4.56 
Tables 2.2 and 2.3, on pp 64 - 66, give an overview of the dynamic and 
static coefficients of friction reported in the literature, respectively. 
The wide variation in the measured coefficients of friction also shows 
the effects of the variation in measurement methods. For example, the 
a: contact material 
    moving linearly
d: skin making 
    linear movement
b: contact material 
    rotating perpendicular
c: contact material 
    rotating parallel
Figure 2.3 The different types of contact situations.
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lowest dynamic coefficient of friction reported by El-Shimi16 is measured 
between the skin on the ventral forearm and a polished stainless steel 
spherically shaped sample with a thick film of viscous silicone oil in 
between. The normal load between the skin and steel sample is almost 
1 N and it rotates with the axis of rotation perpendicular to the surface 
(Figure 2.3b) with 3.6 rpm. The higher coefficient of 5.0 reported by 
Pailler-Mattei8 is also obtained using the skin on the ventral forearm 
and a spherical steel sample, but in this case the normal load was only 
15 mN and the materials made a linear relative movement (Figure 2.3a). 
Furthermore, there was no silicone oil applied and the top layer of the 
skin had been removed with adhesive tape before the experiment. 
In the literature, there is some discussion about the relation between 
the static and dynamic coefficient of friction: usually, higher values for 
µstatic than for µdynamic are reported,10,12,16,18,19,44,46,56,57 but some studies find 
equal values,18 some find higher values for µdynamic,16,19,56 and in some cases 
this depends on the circumstances.16,18,56 
The difference between static and dynamic friction is important 
in the slipping of objects. For hand tools it is desirable that the static 
coefficient of friction is higher than the dynamic coefficient of friction. 
This contributes to the feeling of a stable grip. In clothing, for example, 
it is more comfortable to have an equal value for the static and dynamic 
coefficient of friction. The larger the difference between those values, the 
more the clothes seem to stick to the body, which is often perceived as 
uncomfortable.  
Other indicators for the frictional behaviour
Figure 2.4 indicates that when the measured coefficient of friction 
is displayed graphically in time, the signal shows some noise. In the 
literature, two types of noise are distinguished and used as an additional 
indicator for the skin’s tribological properties. The first, used by Gitis & 
Sivamani,12 is related to the stick-slip behaviour of the surfaces, which is 
a common phenomenon in tribology. Stick slip is caused by a difference 
between the coefficients of static and dynamic friction: when pulling one 
material over another with a constant velocity, the force builds up in order 
to initiate the movement, until the static friction coefficient is reached. By 
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the sudden movement, or slip, the pulling force drops, and the movement 
decelerates until it stops, and the process will repeat. Gitis & Sivamani12 
take the maximum value in their measured friction signal as the static 
coefficient of friction and the mean value as the dynamic coefficient of 
friction (Figure 2.4a) and they use the ratio between the amplitude and 
the mean as a measure for the stickiness of the skin. 
The second use of the variation in the coefficient of friction has been 
defined by Koudine et al.,56 and is referred to as fluctuation in frictional 
force amplitude (FFFA, Figure 2.4b). Koudine et al.56 attribute the 
variation to the non-uniformity of the skin’s surface, and the FFFA is a 
measure for the micro-deformations of the skin.
Influential variables for skin friction
In the past decades, researchers have aimed at determining the influence 
of a variety of variables on the frictional behaviour of the skin. These 
variables include the condition of the skin, the material properties of the 
contact, the contaminations of the surfaces, the contact situation and 
environmental variables. The variables describing the skin condition 
that are assessed in the literature include the site on the body, also 
referred to as the anatomical location,12,19,22,26,45-47,54 skin conditions 
(e.g. skin hydration, time dependent behaviour),4,23,28,44,57 and subject 
characteristics like age,4,12,22,31 gender12,22,31 and race.4,12,31 For the contact 
material, skin friction data were compared to variables such as the type 
of material,7,8,14,17,26,45,54,60 structure,57,58 surface finish,16,26,14 and geometry.31 
time
µ
mean
amplitude
time
µ
FFFA
µdynamic
µstatic
µdynamic
µstatic
(a) (b)
Figure 2.4 A schematic representation of the amplitudes in the friction force.
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The effects of environmental conditions are usually described in terms of 
temperature46,58 and relative humidity.12,46 
The influence of contaminations at the skin surface on the skin 
friction is commonly examined by applying substances like water, skin 
care products or oil to the skin just before measuring the friction. Limited 
amounts of water are found to increase both the static and dynamic 
coefficient of friction,9,12,16,18-20,25,27,44,55-58 whereas larger amounts of water 
decrease friction: the water forms a film on the skin surface which acts as 
a lubricant.9,12,19,27
The skin on the palms and soles (palmar and plantar skin respectively) 
contain more eccrine glands per square centimetre than hairy skin. When 
people are nervous or anxious, the production of sweat is increased.1-3 
This physiological response originates from the fight-flight response of 
the body. Although people nowadays are not often faced with a fight or 
flight situation, the mechanism still results in an increased grip of the 
palms and soles.1,2,19 This increased grip is displayed as an increase in the 
coefficient of friction in the palms in sweaty hands.9,13,19,58 Nevertheless, 
the relationship between the coefficient of friction and transepidermal 
water loss (TEWL) is not significant in most anatomical regions.22,54 
The function of sebum on the human skin is not fully understood,2,7,57 
and neither is the effect of sebum on the frictional properties of the 
skin:47,53,57 the effect of sebum on skin friction depends on the type and 
the structure of the contact material.57 Cua et al.47 did not find significant 
relationships between skin friction and sebum content, whereas Naylor58 
found lower values for µ for “greasy” skin.
With the application of hydrating creams, the coefficient of friction 
first decreases due to the presence of lipids forming a lubricating film 
between the skin and contact material, and then increases to a value that 
is usually higher than the µ for dry skin.12,46,53,55,56 The effects of other 
interventions reported in the literature include oil, petrolatum, glycerine, 
isopropyl alcohol, ether, talcum powder and lard.8,12,13,16-19,22,44,46,53-58 
2.5 Discussion
The objective of this chapter is to provide insight into the interaction 
between the human skin and other materials. 
49
Skin friction: the fundamentals 
CHAPTER 2
From the literature it has become clear that the results vary to a large 
degree: the reported coefficients of friction range from 0.07 to 5.0 and 
from 0.11 to 3.4 for µdynamic and µstatic respectively. Furthermore, there is 
debate about the influence that several factors may have on the skin’s 
tribological behaviour. There is some agreement that a limited amount of 
water on the human skin increases the coefficient of friction in interaction 
with most materials, and that the coefficient of friction depends on the 
anatomical location. The following sections will try to give an explanation 
for the variation in the reported results. Possible explanations could be 
the methods used and the contact materials, the anatomical locations that 
were assessed and descriptions of the definitions and methods. 
2.5.1 The effect of the contact material
Tribology generally focuses on engineering materials for friction 
measurements, which can be applied, for example, in bearings or other 
moving parts. These can be described by characteristics such as the 
type of material and surface finish. The environmental conditions the 
materials were tested under are usually expressed in terms of temperature, 
humidity, boundary layers and surface contaminants. The test results 
were able to be reproduced, including by others in a different laboratory, 
for instance, providing they were carried out under the same conditions. 
However, this is different in skin friction research. Although the material 
interacting with the skin can be described in terms of type of material, 
geometry of the contact and surface finish, this information is not always 
described clearly and only a minority of studies gives a comprehensive 
description of the contact materials.10,11,14,15,21,22,26,32,33,54,55 
Although the contact material can be described in the usual 
way for tribology, characterising the skin is rather complex. In most 
skin friction research, the properties of the skin are expressed in the 
anatomical location: the site on the body where the friction is measured. 
Most often this is a rough description, such as the volar side of the 
forearm.8,12,16,18,46,54-57,59 Despite the consensus about the importance of 
the anatomical location, sometimes different anatomical locations are 
assumed to possess equal properties.7,10,12,16,49,50 Moreover, it is common to 
choose the anatomical locations so that the skin friction measurements 
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can be easily performed by the equipment in use, with few or no 
disturbances like hair, curvatures or effects of ageing or UV radiation. 
All people are different and correspondingly, the characteristics of the 
skin vary from person to person. Until now, it has been uncertain as to 
whether a rough description of the anatomical location will suffice when 
comparing results between individuals. For example, the thickness of the 
skin on the proximal ventral forearm is different to the skin on the distal 
ventral forearm. Closer to the wrist, the underlying structures consist 
primarily of bones and tendons, whereas closer to the bending side of the 
elbow, the predominant underlying tissue is made up of muscles.
2.5.2 The contact parameters
The tribological system already indicated that the tribological properties 
measured at the skin are not only influenced by the skin, the contact 
material and the layer in between these materials, but also that the 
contact parameters, such as type of movement, normal load, relative 
velocity and the environment in which the measurements are executed 
play a role in the obtained coefficients of friction. 
Tribological measuring equipment helps the researcher to reduce 
the complex tribological system to its essence, and to study reality under 
controlled and known conditions. In such measuring devices, various 
movements have been used to 
determine the coefficient of skin 
friction. The coefficients obtained 
with translational movements will 
probably not be similar to those 
found when using rotation, and 
it remains unclear whether these 
different movements would gain 
the same coefficients of friction 
when measured under the same 
circumstances. The possible 
difference between rotation and 
linear movements may cohere with 
the variation in the velocity (v) of a 
v = 0 mm/s
R 
ω 
axis of rotation
skin surface
vmax =  ω  * R
Figure 2.5 The velocity varies over the surface when using a 
rotating cylindrical indenter.
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rotating probe with speed of rotation (ω), as indicated in Figure 2.5: in 
the centre of the disk the velocity is 0 m/s, and at a distance R from the 
centre, the velocity has a maximum value of R * ω. 
In the first friction meter using rotation, Comaish et al.28 the variation 
in velocity was limited by using an annular ring instead of a solid disk, 
although even then the velocity at the outer edge is more than twice as 
high as at the inner edge (1.1 m/s and 0.5 m/s respectively).
Besides the variation in the velocity within measurements, there is also 
large variation between studies: in the literature the relative velocity 
between the materials ranges from 0.1 mm/s to 3.5 m/s, which ranges 
over four orders of magnitude. The displacement and applied normal load 
display a large range as well: 2.5 mm - 3 m and 0.01 - 70 N respectively. 
For the velocity, displacement and normal load, it remains unclear what 
the influence is on the skin friction properties, therefore, care has to be 
taken when comparing the results. 
Another example of variation in test methods is the preparation of 
the skin. Pre-testing treatments include removing hair,12,21,58 cleaning 
the skin with water, detergents or alcohol,12-15,17,18,21,24,26,27,41-45,51,52,54,57,76 
or no pre-testing treatment,10,31,38,39,46,47,54 and some studies did 
not report whether or not the skin sample was treated before the 
measurement.8,9,11,15,16,19,22,23,25,32-37,53,55,56 All pre-testing methods have their 
own advantages. For example, cleaning the skin before measurements 
would enhance the repeatability, but it influences the hydration of the 
skin. Measuring the as-is state, on the contrary, could be used as an 
indicator for everyday use. When the skin is not cleaned, there may be 
contaminants on the surface of the skin, which influence the measured 
skin friction. For example, Cua et al.47 did not clean the skin and they 
measured a substantial amount of sebum on the palmar skin, which does 
not contain sebaceous glands. Therefore, when measuring an untreated 
area of skin, it must be taken into account that unexpected substances can 
be found at the surface that do not necessarily originate from the skin or 
the skin’s glands, but that do influence the results. 
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2.5.3 Description of the methods
In research, it is important to define the most frequently used variables, 
as well as the methods used to obtain the results. In some studies the 
definitions or the methods used are not totally clear. Some studies use 
terms like moist, wet and hydrated skin,9,12,16,18,20,22,44,47,55-58 but these are 
ambiguous classifications. Therefore, it is difficult to reproduce these 
conditions. Differences in definitions also contribute to the diverse 
conclusions. For example, there are different definitions for both the 
dynamic and static coefficient of friction (Figure 2.6). The differences 
of opinion can lead to completely different values for the coefficients of 
friction reported in the results section in the literature, whereby diverse 
conclusions are reached. 
Moreover, some studies do not specify factors that are considered 
to be very important, like the applied normal load,51,55,57 sliding 
velocity,15,24,41-44,52,55,57,58,76 or ambient conditions.10,12,15,19,28,33-35,41-45,47,51-56,58,76
2.5.4 The statistical substantiation of conclusions
In skin friction research, the large differences among individuals 
complicate comparisons of the obtained results. Measurement 
results obtained from small numbers of subjects are not necessarily 
representative of the entire population.  
An example may be found in the assessment of the effects of gender on 
µdynamic?
time
µstatic?
time
Figure 2.6 Differences in definitions contribute to different findings.
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skin friction: when comparing the friction results of one man and one 
woman, it is not clear whether the variation in results can indeed be 
ascribed to gender or to the many other variables that may be different for 
the two subjects. This means that larger numbers of subjects are required 
to obtain relevant information. 
By using statistical analyses, it is possible to conclude from a large 
data set what the effect of each variable is. A general rule of thumb is that 
at least 20 cases, subjects or measurements are necessary to identify the 
effect of strong relationships between variables. 
In the results reported in the literature, statistical substantiation 
is often not discussed, although there are some favourable 
exceptions.10,22,25,31,33,34,37,41,43,45-47 Sometimes it is not entirely clear which 
statistical analyses were used, the values for p or α are not reported, or no 
statements are made regarding the statistical significance of the reported 
relationships. 
2.6 conclusions
Although interest in the tribology of skin is growing, much remains to 
be discovered. In tribological research conducted on skin, the skin is 
more often than not simply described in terms of the anatomical location 
and the age of the subject. Nevertheless, the skin is a living material and 
its properties depend on many more variables, such as gender, race, 
eating habits, time of year, skin layer thickness, ambient temperature and 
humidity of the environment. 
The literature shows a broad range of results, and in all likelihood it is 
the differences in materials, methods and definitions that are responsible 
for the discrepancies in the conclusions. It is obvious that not all studies 
can use the exact same skin samples; therefore, it is impossible to exactly 
reproduce the results obtained in a certain study, even when measured 
under the same circumstances. Nevertheless, it is difficult to make a 
comparison of the results of the various studies. First and foremost, this is 
not because of the differences between the studies and the differences in 
the skin samples, but mainly because the circumstances under which skin 
friction measurements are made are not fully described in unambiguous 
54 Skin friction: the fundamentals
terms. Many studies lack information about the subjects, normal load, 
relative velocity, contact material and environmental conditions. 
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Table 2.1 Overview of the methods used in the literature.
Movement a Contact material
Adams reciprocating - PP
- glass
- spherical, Ø 40.4 mm
- spherical, Ø 12 mm
- spherical, Ø 25 mm
Asserin reciprocating - spherical, Ø 3 mm
Bobjer linear - flat, 130 x 35 x 5 mm
Comaish & Bottoms linear - bottle cap
Cua 1990 rotation - annular, Ø 15 mm
Cua 1995 rotation - annular, Ø 15 mm
Derler reciprocating - flat
El-Shimi rotation - spherical, Ø12 mm
Gee linear - paper
- PC
- steel
- PE
- rubber
- thermoplastic elastomer
- glass
- flat, 150 mm square
61
Skin friction: the fundamentals 
CHAPTER 2
Anatomical site Applied load Velocity Ambient conditions
- forearm (ventral) 0.01 - 4 N 8 mm / s 20 °C 50 %
- forearm (ventral) 0.05 - 0.3 N 0.27 mm / s 20 - 25 °C 40 - 50 %
- index finger 1 - 20 N 45 - 55 mm / s 20 - 22 °C
- hand (palmar, dorsal)
- lower leg (ventral)
- abdomen (in vitro)
0.03 - 10 N
- forehead
- upper arm (medial)
- forearm (ventral, dorsal)
- postauricular
- hand (palmar)
- abdomen
- back (scapula, L1)
- thigh (ventral)
- ankle (medial)
3.5 N 150 rpm 18 - 23 °C 40 - 57 %
- forehead
- upper arm (medial)
- forearm (ventral, dorsal)
- postauricular
- hand (palmar)
- abdomen
- back (scapula, L1)
- thigh (ventral)
- ankle (medial)
150 rpm 20 - 28 °C 40 - 57 %
- index finger range 15 N b 20 ± 1 °C 65 ± 2 %
- forearm (ventral) 0 - 2 N 3.6 - 538 rpm 22 °C 55 %
- index finger 2 - 20 N b 19 - 23 °C 40 - 60 %
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Movement a Contact material
Gerhardt reciprocating - PTFE
- polyester
- cotton / polyester
- wool
- bamboo viscose
- flat
Gitis reciprocating - copper
- PA
- PTFE
- stainless steel
- cylindrical, Ø 12 mm
Koudine reciprocating - glass - spherical
Lewis linear - aluminium
- polymer
- paper
- flat
Li 2006 reciprocating - PE - bottle cap, Ø 15 mm
Li 2007 reciprocating - PE - bottle cap, Ø 20 mm
Mossel linear - stainless steel - flat
Mossel & Roosen linear - stainless steel - flat, Ø 7 mm
Naylor reciprocating - PE 
- silver
- spherical, Ø 8 mm
Pailler - Mattei 2007 linear - steel spherical, Ø 6.35 mm
Ramalho linear - glass spherical, Ø 170 mm
Sivamani 2003 linear - stainless steel spherical, Ø 10 mm
a The type of relative movement between the skin and contact material; reciprocating indicates   
   a linear movement, back and forth. 
b The values reported are not conditioned, but are calculated from the results.
c The subject was asked to move the finger as slowly as possible.
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Anatomical site Applied load Velocity Ambient conditions
- skin-model (Lorica) 5 N 62 mm / s
- forearm (ventral) 0.2 N 1 - 50 mm/s
- forearm (ventral, dorsal) 0.02 - 0.08 N 0.13 mm / s
- index finger 20 N slow c
- forearm (ventral) 0.1 - 12 N 20 - 25 °C 50 - 70 %
- lower leg (lateral) 0.1 - 8 N 20 ± 5 °C 60 ± 10 %
- index finger 0.5 - 4 N
- index finger 0.04 - 1 N 1 mm / s
- lower leg (ventral) various 16.7 mm / s
- forearm (ventral) 0.015 N 0.2 - 1 mm / s 22 - 24 °C 20 - 30 %
- hand (palmar)
- forearm (ventral)
0 - 70 N 40 ± 10 mm / s b
- finger (dorsal)
- abdomen (in vitro)
0.05 - 0.45N 0.083 mm / s
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Table 2.2 Dynamic coefficients of friction reported in the literature. 
Materials a µ dynamic Other
Asserin forearm (V) ruby 0.7
Bobjer finger PC 2.22
0.85
0.61 - 1.21
0.11 - 0.30
0.09 - 0.28
0.10 - 0.72
1 N
20 N
sweat
glycerol
paraffin oil
lard
Comaish & 
Bottoms
hand (D) PFTE
PA, sheet
PE
wool
PA, knitted
terylene
0.20 
0.47
0.30
0.40
0.37
0.40
Cua forehead
upper arm
forearm (V)
forearm (D)
postauricular
hand (P)
abdomen
upper back
lower back
thigh
ankle
PFTE 0.34
0.23
0.26
0.23
0.34
0.21
0.12
0.25
0.19
0.15
0.21
Derler finger wool 0.27 - 0.71
El-Shimi forearm (V)
forearm (?)
forearm (D)
polished steel
polished steel
rough steel
polished steel
rough steel
0.31
0.07 - 0.38
0.63
0.16
0.37
0.12
untreated
silicone oil, velocity
normal
normal
dry 
dry
Gee finger rubber
PC
steel
glass
PE
paper
2.4
2.7
1.8
1.2
1.6
0.6
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Table 2.2 Dynamic coefficients of friction reported in the literature. 
Materials a µ dynamic Other
Asserin forearm (V) ruby 0.7
Bobjer finger PC 2.22
0.85
0.61 - 1.21
0.11 - 0.30
0.09 - 0.28
0.10 - 0.72
1 N
20 N
sweat
glycerol
paraffin oil
lard
Comaish & 
Bottoms
hand (D) PFTE
PA, sheet
PE
wool
PA, knitted
terylene
0.20 
0.47
0.30
0.40
0.37
0.40
Cua forehead
upper arm
forearm (V)
forearm (D)
postauricular
hand (P)
abdomen
upper back
lower back
thigh
ankle
PFTE 0.34
0.23
0.26
0.23
0.34
0.21
0.12
0.25
0.19
0.15
0.21
Derler finger wool 0.27 - 0.71
El-Shimi forearm (V)
forearm (?)
forearm (D)
polished steel
polished steel
rough steel
polished steel
rough steel
0.31
0.07 - 0.38
0.63
0.16
0.37
0.12
untreated
silicone oil, velocity
normal
normal
dry 
dry
Gee finger rubber
PC
steel
glass
PE
paper
2.4
2.7
1.8
1.2
1.6
0.6
Materials a µ dynamic Other
Gitis forearm (V) copper? 0.31
max 0.62
untreated
treated
Koudine forearm (?)
forearm (V)
forearm (D)
glass 0.6 - 3.6
0.67
0.24
various loads
Li scar tissue
prosthetic / 
healthy skin
PE 0.8
0.6
0.72
0.47
0.17
0.1 N normal load
0.7 N normal load
0.1 N normal load
0.7 N normal load
8.0 N normal load
Naylor lower leg (V) PE 0.5 - 0.6
max 1.1
max 1.1
sweating
cleaned skin
Pailler-Mattéi forearm (V) steel 2.13
Ramalho forearm (V)
palm
glass 0.15 - 1.07
0.17 - 0.87
0.10 - 0.84
0.5 - 1.35
0.8 - 1.4
1.21
0.90
1.24
0.45 - 0.7
0.8 - 1.4
standard
washed
alcohol
glycerine
petrolatum
standard
washed
alcohol
glycerine
petrolatum
Sivamani finger (D) stainless steel 1.1
0.55
0.3 - 0.9
0.05 N normal load
0.45 N normal load
cream
a (v) refers to the ventral, (d) the dorsal, and (p) the palmar side. 
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Table 2.3 Static coefficients of friction reported in the literature. 
Materials a µ static Other
Comaish & Bottoms hand (D)
hand (P)
lower leg
PFTE
PA, sheet
PE
wool
PA, knitted
terylene
PE
PE
0.25
0.55
0.43
0.45
0.42
0.45
0.6 - 2.1
0.6 - 1.3 0.03 - 10 N 
normal load
Koudine forearm (?) glass 0.3 - 0.9
Lewis finger AL (lacquered)
label paper
0.26
0.54
0.11
0.29
0.41
0.13
dry
wet
oil
dry
wet
oil
Mossel & Roosen finger stainless steel 0.35 - 1.13
Mossel finger stainless steel 0.35 - 0.94
a (V) refers to the ventral, (D) the dorsal, and (P) the palmar side. 
67
Skin friction: the fundamentals 
CHAPTER 2
Conclusions of the introduction 
Conclusions of the introduction 
CHAPTER 3

3CHAPTE
R
Conclusions of the introduction 
The literature provides the foundation for the work described in this 
thesis. The literature review shows that there are some problems when 
trying to make comparisons of the available results. There is still limited 
knowledge on friction involving the human skin. The results in the 
literature are often based on small numbers of subjects and a limited 
number of measurements are compared. The use of a large data set with 
friction measurements and variables describing the tribological system 
could be a possible solution in determining the effects of potentially 
important variables. This data set should include measured data that is 
obtained under a wide range of conditions. The first step is to develop 
a portable device for skin friction measurements that can measure the 
friction between the skin and a variety of materials, measuring multiple 
subjects, under different circumstances. Ideally, the device can be taken 
to the subjects instead of requiring subjects to make the effort to visit a 
laboratory for the measurements. The availability of such a device would 
create the opportunity to gain more insight into which of the many 
possibly influential variables are really important, thereby increasing 
knowledge on skin friction. 
Statistics will be used to determine influential variables
As a result of the review of the literature, it has been concluded that 
skin friction research is often based on small numbers of measurements 
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and small samples of subjects. In order to determine which of the 
many skin characteristics and subject related variables influence the 
friction measured at the human skin, a large data set of skin friction 
measurements is required. Statistical analyses then can be used to identify 
the influential variables. 
The need for a large data set is the reason behind developing a small 
portable tribometer, allowing the researcher to travel to the subjects 
and consequently minimising the effort required by the subjects. A 
mobile measuring device will also enable the effect of the environment 
on measurement results to be determined as well as the effect that the 
type of location has (e.g. laboratory, beach, and swimming pool) on the 
measurement results.  
The human skin will be treated as a whole, instead of separate layers
The conclusions reached in Chapter 2 showed the following: that the skin 
has a complex structure, that it is composed of several layers and that 
each layer has a unique composition. Although this is regarded as being 
essential to the understanding of skin friction research, in this thesis the 
skin is regarded as one complex continuum. This continuum is influenced 
by many variables and can be described by using indicators such as age, 
gender and anatomical locations. 
It is not just the mechanical properties of the outermost stratum 
corneum which influence the friction measured at the human skin or the 
composition with fibres of the dermis, or the soft subcutis, but it is the 
combination of the subcutis, dermis and the epidermis altogether that 
influences and determines the frictional properties.
As a result, many of the skin properties depend on other variables, 
such as the anatomical location or the body mass. In this research project, 
considering the time and budget, those variables will be studied that can 
be assessed without specific knowledge of medical measuring techniques 
and without using medical equipment. 
The skin in the as-is state
The friction measurements will be executed on the skin in the as-is 
state. This is the condition under which the skin is used and applied in 
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daily life. When rinsing the skin, important substances such as natural 
moisturising factors are removed from the skin and the effects of this 
washing can last for hours. Cleaning the skin with alcohols can remove 
the fatty substances that hold together the bricks of the stratum corneum, 
which consequently can influence the measurement results. Furthermore, 
because the skin constantly produces sweat and sebum, it is unknown 
whether the skin is still clean after a lapse of time while waiting for the 
skin to dry after washing. 
Environmental conditions, contact parameters and contact materials
All measurements described in this thesis will be executed indoors, 
under uncontrolled environmental conditions. The ambient temperature 
and the relative humidity will be registered for each measurement, and 
included in the analysis. More extreme environmental conditions such 
as measuring at the beach, should be within the possibilities of the 
equipment, but measuring under such conditions are not in the scope of 
this thesis.
The contact parameters between the skin and contact material will 
be chosen in such a way so that no skin damage will occur and to ensure 
that the measurements are not perceived as unpleasant or painful by the 
subject. Therefore, the loads and velocities must be relatively low. 
The tribological system indicates that skin friction depends on the 
material that is contacting the skin. In the literature, the contribution of 
a large range of materials has been described. The effect of the contact 
material is not completely understood. Therefore, the new tribometer 
should capable of measuring the friction between the skin and a wide 
range of materials. 
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The development of the RevoltST 
4.1 introDuction 
The objective of this chapter is to give insight into the development of 
a new measuring device and to explain the decisions behind the basic 
principles of the device.  
Based on the literature review, blanks on current research on skin 
friction have been identified. The conclusions of the literature study have 
been used to determine which characteristics and specifications a new 
device should meet in order to contribute towards better understanding 
of the friction in skin-object interactions.  
From the literature study it was concluded that what is actually 
needed is a whole new approach to the measurement of skin friction. In 
this novel approach, it is important to describe the methods clearly and 
unambiguously in order to enable comparisons between studies. The 
novel approach can be characterised by two aspects. 
The first aspect is that in order to determine which variables are 
important for the friction in skin-object interactions, studies should 
use larger samples of subjects. In the past, many studies reached their 
conclusions on just a small number of subjects. When studies use larger 
numbers of subjects, statistical techniques can be used to determine 
whether differences can be attributed to influential variables rather than 
to interpersonal dissimilarities. 
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get the device put it into your pocket go wherever you like get the device out of your pocket measure whoever you like
The second aspect relates to the fact that the current literature is based 
on research executed in laboratory settings using large equipment with 
a technical appearance. Hence, the subjects in these studies are people 
who are willing to visit the laboratories. The human skin is a material 
and the characteristics of this material depend on a large variety of 
(environmental) variables. For instance, some skin characteristics are 
heavily influenced by whether or not the subject feels at ease. Up till now 
it was unclear whether the aforementioned laboratory set-ups elicit skin 
responses from the subjects. Therefore, it would be advisable to measure 
the skin in a familiar environment where the subject feels at ease. 
These two aspects can help to fill in the blanks on skin friction 
research. The issues can be (partially) solved through the availability of a 
new device. This new device should be small and portable, enabling the 
researcher to take the device to the subject, or even better, to places where 
a lot of potential subjects are. In this way, a large number of subjects 
could be reached in a short period of time. From a practical point of 
view, it is far handier when a device can be used in different directions 
without being hindered by wires. Ideally it should be possible to measure 
the skin on any site on the human skin, without subjects being forced 
into uncomfortable positions. In short: the new friction measuring 
device should enable the researcher to measure wherever, whenever and 
whoever (Figure 4.1). 
4.2 sPecifications of the DeVice
Flexibility in measuring is an important feature for the new device, and 
although “wherever, whenever and whoever” can serve as a motto, it is not 
suitable as a specification for the development of a new measuring device. 
Therefore, all of the considerations from the literature were translated in a 
number of unambiguous and testable specifications which the new device 
would minimally have to meet.   
Figure 4.1 Ideally, the new friction measuring device allows to measure wherever, whenever and whoever. 
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Portability
1. The volume of the device is 0.3 dm3 at maximum.
2. The maximum length of the device is 150 mm.
3. The device has a maximum weight of 700 g.
4. The device can execute a measurement without being connected to 
any wires.
Measuring
5. The normal load can be adjusted in at least three steps over the 
range 0.5 - 2 N. 
6. The variation in the applied normal load is ± 0.2 N maximum.
7. The actual normal load between contact material and the skin is 
measured.
8. The force of friction between the skin and contact material is 
determined.
9. The normal load and friction are determined independently.
10. The friction and normal forces are sampled with a minimum 
sample frequency of 10 Hz measured with direct current (DC).
Interaction
11. The dimensions of the contact area between the skin and contact 
material are 5 x 5 mm minimum and 10 x 10 mm maximum.
12. The contact surface has no sharp edges with a radius smaller than 
0.5 mm.
13. The motion between skin and contact material is generated by the 
device.
14. The relative displacement or travelled path of the contact surface is 
at least 10 mm.
15. The velocity of the contact surface has a value between 1 and 10 
mm/s.
16. The interaction between skin and a variety of materials can be 
tested (e.g. type of material, surface finish). 
17. The interaction between the skin and contact material must not be 
uncomfortable or painful to the subject, and it must not damage 
the skin.
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Use
18. The device is suitable for measuring human skin in vivo.
19. All locations of the integumentary skin can be measured.
20. The skin does not have to be positioned horizontally to execute a 
measurement.
21. The skin of every arbitrary person can be measured.
22. The results do not depend on the geographical location on earth.
23. The device is suitable for indoor and dry-weather outdoor use.
24. The measurement can be stopped in one action. 
25. No specific knowledge of, for example, (bio) mechanics, physics, 
mechanical engineering, psychology or anatomy is needed to 
reliably use or adjust the device.
4.3  the basic PrinciPles of the DeVice
In the development of the tester, examples from practice served as a 
source of inspiration: measuring equipment from all kinds of domains, 
real-life situations and products were reviewed for practical solutions. 
Simple prototypes were used to provide insight into the functionality 
and practicability of ideas. Eventually, the basic principles of the device 
were selected. These principles meet the requirements and specifications, 
while taking into account the aim and purpose of the new device. In the 
following sections, the basic principles of the device will be elucidated. 
4.3.1 Type of motion
The tribological research on skin can be divided into two categories: 
(1) the contact material moves relatively to the stationary skin; or (2) 
the skin moves relatively to the stationary contact material. In the latter 
category, the normal force and velocity are hardly controllable. In the 
former category, there are two common types of motion: linear motion 
and the rotating disc (Figure 4.2). In current tribology, a commonly used 
type of motion is the rotating ring against a stationary flat surface. In skin 
tribological research, only a few examples of such a contact geometry 
were found.1,2 In this thesis, this type of movement will be referred to as 
revolving wheel (Figure 4.2). 
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In this type of movement the surface area of a cylinder (the wheel or 
ring) revolves over the stationary skin (the flat surface), which results 
in a relative sliding motion between the skin and contact material. The 
cylinder’s axis of rotation lies parallel to the surface of the skin and is 
stationary, resulting in a sliding motion. The application of this contact 
situation has two major advantages. 
The first advantage is that only a small area of skin is required for 
executing a measurement. In Figure 4.3 the required area of skin for the 
revolving wheel is compared with the commonly used linear movements. 
With the revolving wheel, the size of the required area of skin is 
determined by the dimensions of the contact material. When using linear 
movements, it is rather the length of the travelled path that determines 
the size of the required skin area, and because the skin is not perfectly 
flat, this will cause variations in the normal load between the sample and 
the skin.
The second advantage of using 
a revolving wheel over other types 
of movement is that the velocity is 
constant over the contact surface. In 
a contact situation with a rotating 
disc, with the axis of rotation 
perpendicular to the skin’s surface, 
the velocity increases to the outside 
of the contact surface. This has 
already been discussed in Section 
2.5.2., on p 50. 
Using the revolving wheel contact 
geometry, the travelled path or 
linear movement revolving wheelrotating disc
skin surface
Figure 4.2 The three types of movement with stationary skin and moving 
contact material.  
linear movement
revolving wheel
Figure 4.3 In the chosen type of movement only a small 
area of skin is required for a measurement.  
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sliding distance between the sample and the skin are determined by 
the measurement duration and the dimensions of the wheel. Therefore, 
travelled paths much larger than the specified 10 mm at minimum are 
within the bounds of possibility. 
In short, all considerations result in a contact geometry with a 
revolving wheel over the skin. The advantages of this type of contact 
geometry are: 
- only a small area of skin is required for a measurement;
- the velocity is constant over the contact surface;
- the effects of the anisotropic behaviour of the skin can be 
measured. 
A disadvantage of implementing this type of movement in skin 
friction research is that it makes it difficult to compare the obtained 
results with data reported in the literature. It is unclear which part of 
the (potential) variation in the measurement results obtained with 
different types of motion can be ascribed to the differences in the contact 
geometry. Further research will be needed to give a better understanding 
of this effect. 
4.3.2 Force system
The most decisive specification in determining the system that applies the 
normal load was that the device must be usable in various directions: for 
example horizontal, vertical and upside down. In the current equipment 
for skin friction measurements, the normal load is often applied by 
weight, servomechanisms or springs. A non-horizontal alignment makes 
the use of weights difficult and because of the limited space inside the 
device, a servomechanism is nearly impossible to apply. A normal force 
system based on a spring is the obvious alternative.  
For the force system, the adjustable normal load is an important 
specification: the force has to be between 0.5 and 2 N. A pre-test 
programme with commercially available equipment (UMT II; Center 
for Tribology, Inc., Campbell, USA) demonstrated that higher normal 
loads combined with higher velocities were uncomfortable and the 
contact material left visible marks on the skin that remained for hours. 
These measurements indicated that a maximum normal load of 2N was 
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perceived as comfortable, when pushing a cylindrical contact material 
with the circular surface onto the skin. This surface had a diameter of 
20 mm. The maximum velocity was set to 10 mm/s. The combination of 
these maximum values for the normal load and relative velocity did not 
cause damage and did not leave visible marks on the skin after testing 
when using translational movements, and is considered safe. 
Attaching the device to the subject or onto the skin can possibly 
provoke anxious feelings and consequently elicit the skin’s properties to 
change. The effect of such unwelcome interference is unknown and can 
vary among subjects. Nevertheless, when a measurement is executed with 
a handheld device, small body movements of both researcher and subject 
can affect the measurement results. The spring-based force system limits 
the effects of such body movements to 0.1 N at maximum. 
The result of all factors that were taken into consideration was the 
spring-based force system inside the device. The advantages of the system 
are:  
- the normal force is infinitely adjustable between 0.5 and 2 N;
- the normal force is regulated within 10 % of the set value.
A disadvantage of the system is that when the researcher wants to 
execute a measurement with a specific normal load, this requires either 
scales or a force sensor to confirm the normal load in a certain position. 
An alternative could be to design a custom tool that can be snapped 
onto the device to give feedback on the normal load that has been set. A 
+ / -
L0
L0
Lspring
Fhold device
Fon skin
contact material
skin surface
surface of tester
Figure 4.4 Schematic presentation of the force system.
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Figure 4.5 The flexible suspension of 
the motor is essential for measuring 
the friction force.
schematic representation of the force system is shown in 
Figure 4.4. The force between the skin and the contact 
material is determined by the characteristics of the spring 
and the compression of the spring, which can be adjusted 
by turning the adjustment knob on the top of the device. 
The normal load is defined as the difference between the 
length of the spring (Lspring) and the unloaded length of 
the spring (L0). When using a construction like this, the force between 
the skin and contact material is independent of the effort of holding the 
device onto the skin.
The friction force is registered with two small piezo resistive force 
sensors. These sensors are mounted between a frame that is rigidly 
connected onto the motor and the inside of the device’s casing. Figure 
4.5 displays the top view of the motor, which is connected with a flexible 
suspension system. This allows small sidewards movements, which are 
registered by the force sensors (shown in blue).
4.3.3 Other decisions in the development of the device
In this section, other considerations and decisions that have been made 
in the development process of the device will be described in more detail. 
The contact material
In order to determine the effect of different materials in interaction with 
the skin, the cylinder that makes contact with the skin can be made of 
a large variety of materials: for example, plastics, rubbers, metals, glass, 
natural materials like wood, and even textiles. To allow measurements on 
virtually all sites on the hairy and glabrous skin, the contact area between 
the skin and contact material, and hence the dimensions of the contact 
material, should be rather small. The default dimensions of the cylindrical 
contact material are set at a diameter of 20 mm and a width of 10 mm, 
with rounded edges with a 0.5 mm radius to prevent leaving marks on the 
skin. 
It would be possible, however, to use contact materials with the same 
outer dimensions in other shapes. Some examples are shown in  
Figure 4.6. 
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Controlling the velocity of the 
contact material
For driving the movement, a small 
brushed DC motor was selected, 
which was powerful enough 
to overcome the friction forces 
between the skin and the wheel at all desired velocities. For the motor, a 
maximum torque was calculated, based on the dimensions of the wheel, 
a maximum normal load of 2 N and a maximum coefficient of friction of 
4, resulting in a maximum torque of 80 mNm. This was not a problem for 
most motors, but the combination with the low speeds (1 - 10 rpm) was 
more difficult.  The motor was combined with a gearbox with a 384 : 1 
reduction and an incremental encoder for the feedback of the rotational 
velocity of the motor. The output of the motor and gearbox combination 
was 1.2 Nm, which is sufficient for the expected torque, even at low 
speeds. This has been approved via a test programme.
No off-the-shelf motor control components were available that met 
the criteria for the relative velocity and that were small enough to fit into 
the device. Therefore, a microcontroller was built onto a custom built 
circuit board. With the electronics, the researcher can simply select one 
of the four programmed velocities. For the default contact material with a 
diameter of 20 mm, these velocities are 1, 2, 5 and 10 mm/s. The velocity 
is controlled by the encoder feedback within 5 % of the set value. 
Power supply of the device
The device is self-contained. Not only is it equipped with a force system 
and motor to generate the movement between the contact material and 
the skin, but it also has its own power supply. A lithium polymer (LiPo) 
battery has been installed in the device. The battery has a nominal voltage 
of 11.1 V and the capacity of the battery is 910 mAh. Power consumption 
during a measurement at the highest velocity is at most 280 mA, enabling 
about three hours of continuous operation. 
Figure 4.6 The device can be equipped with contact 
materials in various shapes.
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Data acquisition system
The device is equipped with an internal data acquisition system. The 
data of the two force sensors is sampled with a 16bit analogue to digital 
converter, with a minimum sample frequency of 2.5 kHz. The data of the 
two sensors and a time variable are stored on the internal non-volatile 
memory of 7 GB. The system can be connected to a computer with a 
USB interface to download the data and adjust the settings. The system is 
coupled to the custom-built electronics and the data collection starts four 
seconds before the contact material starts to revolve. 
Appearance
The appearance of the tester is important because it can evoke body 
responses that influence the skin’s properties. When a subject is nervous 
for a measurement, the production of sweat may increase, which, 
especially on the hands, can lead to biased results. Therefore, the 
appearance of the casing of the device is important: the tester should not 
look like a machine or a medical instrument. 
The shape and dimensions of the body are largely determined by the 
components inside the device. For example, the contact material has to 
be in contact with the skin, outside the device, and has to be connected to 
the motor, inside the device, thus limiting the option of fitting the motor 
inside the casing. The other components are placed in such a way that all 
components form a compact entity. The knob for adjusting the normal 
load is easily accessible on the outside of the casing. 
The outer edges of the device’s casing are rounded for a slimming 
effect and to give the device a more dynamic appearance. The resulting 
design sketch can be seen in the frontal view, and in the side view 
(Figure 4.7).
The parts of the casing are made of ABS (acrylonitrile butadiene styrene), 
a thermoplastic material. A great deal of  tribological test equipment 
currently available has a metal housing, which can elicit physical 
responses that possibly influence the measured skin friction. When skin 
comes into contact with metal, which is cold to the touch, it can cause 
gooseflesh and vasoconstriction. Subjects may also associate metals with 
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machines or surgical instruments. It is assumed that plastics do not have 
such effects, because most plastics are associated with familiar products, 
and do not have the same sort of high heat conductive properties as 
metals. 
The casing parts were designed using SolidWorks 3D CAD software 
(version 2009; Dassault Systèmes, Concord, MA, USA). Special attention 
was paid to the visual lines on the surface: the parting lines of the three 
body parts were completed by a line to accentuate the user interface and 
some lines at the side of the tester to visually break up the surface and 
accentuate the shape of the device. Different surface textures were applied 
to the body parts to facilitate handling and increase the grip of the tester. 
4.4 the mobile measuring DeVice
In the following sections, the features and technical specifications of the 
device are summarised and the use of the device is explained. 
4.4.1 Features of the new device
- Large portability and mobility
- Skin friction measurement “wherever, whenever and 
whoever”
- Variable normal load and velocity
- Interchangeable contact material
Figure 4.7 Front and side view of the tester.
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- Built-in data storage
- Wireless operation
- Easy to use
- Compact and lightweight design
- Rechargeable
- Up to 3 hours operation without recharging
4.4.2 Technical specifications
The following overview summarises the main characteristics of the newly 
developed measuring device.
Normal load
Normal load range
Accuracy
Velocity
Velocity range
Accuracy
Power supply
Voltage
Capacity
Power consumption
Data acquisition
Internal memory
Sample frequency
Interface
Dimensions
Device weight
Operating temperature
: spring-based, adjustable before measurement
: 0.5 to 2 N
: ± 0.1 N
: revolving movement, 
  controlled by onboard speed controller
: 1, 2, 5 or 10 mm/s
: ± 5 %
: rechargeable LiPo battery 
: 11.1 V
: 910 mAh
: up to 280 mAh
: built-in A/D converter
: 7 GB non-volatile memory; 
: 6.4 GB available for data storage
: 2.5 to 120 kHz
: USB (2.0 and 1.1 compatible)
: 106 x 69 x 39 mm
: 247 g, excluding cylindrical contact material
: -10 to 50 °C
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4.4.3 The use of the device
This section explains the use of the device. Figure 4.8 shows the RevoltST 
in use. The force system is explained in Figure 4.9, and the parts of this 
system are indicated in Figure 4.10. Figure 4.11 demonstrates how the 
contact material can be installed in the device and Figure 4.11 shows the 
user interface and indicates how the normal load and velocity can be 
adjusted and how the measurement can be started. 
A exible suspension connects 
the motor (and contact 
material) to the device’s 
casing, allowing the contact 
material to move up and 
down. 
In the neutral position of the 
suspension, the contact 
material levels with the 
outside surface of the device. 
The force system pushes the 
contact material slightly 
outside the device. 
When the device is positioned 
onto the skin, the contact 
material and outside surface 
level again, and the desired 
normal load is applied to the 
skin. 
Figure 4.8 The RevoltST: the portable device for skin friction measurements.
Figure 4.9 The working principle of the force system.
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5.1 IntroductIon
Friction involving the human skin is a tribological topic with great 
social relevance: people constantly depend on friction in the interaction 
between the skin and a large variety of other materials. It enables people 
to handle objects, friction between skin and textiles plays a key role in 
clothing comfort, and friction can cause blisters on the feet. These are 
just a few examples of the many applications of skin friction. Although 
knowledge on skin friction is rapidly increasing, at this moment in time 
the friction behaviour of the human skin is not fully understood.1-5 
It involves the interaction between the skin and another material. 
Engineering materials can be characterised by a combination of material 
and surface parameters. This is more difficult for the skin, because it 
is a living material and, for example, the skin’s properties depend on 
the time of year and the skin responds to its environment. In the past 
decades, skin friction studies aimed at determining what influence 
several variables have, such as gender, age, ambient temperature and 
relative humidity. Until now, it has proven difficult to identify the extent 
of the contribution made by these factors. In many studies aiming at 
this identification,6-10 the conclusions are based on the results of a small 
number of subjects, therefore, care should be if these conclusions are 
used to make generalisations on all people and all conditions. In order to 
identify statistically the contribution of relevant variables on the frictional 
behaviour of the human skin, analysis should rather be based on an 
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extensive data set obtained using large numbers of subjects, measured 
under a variety of circumstances on numerous parts of the human body. 
In many studies, large laboratory set-ups were used to measure the 
friction between the skin and other materials. An advantage of such 
measurement equipment is that current tribological equipment can be 
used to assess the frictional properties of the skin: no new equipment has 
to be developed, but the traditional devices can be adapted for measuring 
the human skin. Examples of such adapted equipment are described by 
Adams et al.,9 Gee10 and El-Shimi.11 A major disadvantage of measuring 
skin friction with laboratory set-ups is that all the subjects have to go to 
that particular laboratory for measurement. Because this means that the 
subjects have to make an effort, their willingness to cooperate diminishes. 
There is a need for a reliable method to identify the variables that 
influence the friction of the human skin in contact with other materials, 
without demanding too much effort from test subjects. Veijgen et al.1 have 
recently developed a wireless and portable device to measure the friction 
between the human skin and various materials. The portability gives 
the researcher the freedom to measure on every location. It can easily 
be taken to the subjects instead of having to bring the subjects to the 
measuring equipment. Furthermore, the device can be used to measure 
the friction on many anatomical locations, while not forcing the subjects 
into difficult positions. 
The objective of this paper is to present the new mobile device suitable 
for measuring the friction between human skin and another material. The 
device is mobile because it is self-contained, it is not connected to wires 
and it requires no additional equipment for operation. The use of the 
device is illustrated by a series of pilot measurements.
5.2 the equiPment
In the literature, some relatively small devices have been described,10,12-14 
though, only one wireless, self-contained device was found: the Newcastle 
Friction Meter.15 Other devices require a power supply or additional 
hardware like data logging systems and computers. The Newcastle 
Friction Meter used an annular contact material that rotated with the 
axis of rotation perpendicular to the skin. The portability of the device 
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enabled the user to obtain friction 
data from different skin areas, 
even though the relative velocity 
and normal load between the skin 
and contact material could not 
be changed, and the friction data 
was not recorded. Furthermore, a 
limitation of rotation with the axis of 
rotation perpendicular to the surface 
of the skin means that the velocity 
between the contact material and the 
skin is not constant over the contact area: it increases from the inside to 
the outside of the contact.
The new device presented in this paper (Figure 5.1) is a portable 
handheld device made for measuring the friction between the human 
skin in vivo and a material of choice. The small size (roughly 40 x 70 x 
100 mm) and weight of less than 250 grams enables the researcher to 
execute measurements anywhere, and the device can even be taken to 
the subjects, hereby decreasing the effort subjects will be required to 
make. Many sites on the human body can be measured under various 
environmental conditions, without being obstructed by wires or requiring 
subjects to get into an uncomfortable position. The mobile device is 
equipped with a spring-based load system, which generates and controls 
the normal load between the contact material and the skin when pushed 
against the skin. The normal load between the skin and contact material 
is determined by the spring-based system inside the device, rather than 
by the force used to hold the device against the skin. The normal load 
(Fnormal) can be varied: a value in the range of 0.5 to 2 N can be set before 
starting the measurement. 
At the beginning of a measurement, the device is placed on the 
skin and kept in the same place during the measurement. The device 
is equipped with a contact cylinder, which is 20 mm in diameter and 
10 mm long. The outer surface of the cylinder interacts with the skin. 
By changing the material of the cylinder’s surface area, the interaction 
between the skin and any material of choice can be measured. By 
Figure 5.1 The portable handheld device. 
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holding the device against the skin, the stationary axis of the cylinder is 
automatically positioned correctly: parallel to the surface of the skin. The 
contact cylinder rotates around this axis, thereby the surface area of the 
cylinder slides over the skin (Figure 5.2a). 
Although a contact geometry of a rotating ring against a flat surface is 
commonly used in current tribology, only a few examples of this type of 
rotation were found in skin friction literature.16,17 This contact situation 
has two major advantages. Firstly, it requires only a small area of skin 
for a measurement. The size of the skin area needed for a measurement 
depends on the dimensions of the contact rather than on the travelled 
path between the skin and the contact material. This is in contrast to 
linear movements, in which the required area of skin is determined by the 
stroke length. The type of movement of the new device allows small areas 
to be measured, such as the skin on the tip of the nose. 
The second advantage of a rotational movement with the axis of rotation 
parallel to the skin surface is that the relative velocity between the skin 
and contact material is constant over the contact surface. 
Before the measurement starts, one of the four programmed velocities 
can be selected, corresponding with a relative velocity (v) between the 
cylinder and the skin of 1, 2, 5 or 10 mm/s. The movement is driven by 
a small DC motor inside the device and controlled within ± 5 % of the 
set value by the built-in speed controller. The sliding velocity is selected 
before each measurement. After confirming the selected speed, the user 
has two seconds to position the device onto the skin, because after two 
seconds the sliding motion is initiated and the actual measurement starts.
During a measurement, the actual normal load and friction force (Ffriction) 
are registered in time by piezoresistive force sensors. The forces measured 
by the mobile device were verified with a commercially available multi-
axis load cell (Gamma six-axis F/T sensor; ATI Industrial Automation, 
Apex, USA). The forces measured by the device were similar to and 
consistent with the forces measured by the load cell. Data is sampled in 
the on board data acquisition system at a minimum frequency (fsample) 
of 2.5 kHz, and stored in the internal data storage of 7 GB. The tester is 
battery-powered and during measurement no additional equipment is 
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needed. When the test is finished, the device is connected to a personal 
computer to transfer the data for further analysis. 
The first test runs of the device showed that the friction force stabilised 
within at most 8 seconds. Therefore, the standard time for a measurement 
was set at 20 seconds: it is long enough for the friction force to stabilise, 
and short enough to limit bothering the subjects. The measurement 
duration can be adjusted before starting the measurement if so desired.
5.3 methoDs
5.3.1  Skin sample
The test subject for this pilot study was a healthy female volunteer, aged 
30 years, with an Asian skin type. Although the device can access the 
skin on many anatomical locations, in this pilot study the skin on the 
middle of the left (non-dominant) ventral forearm was chosen because 
the frictional properties of the skin of the forearm are described in many 
other studies, allowing comparison of the results. The axis of rotation of 
the cylinder was perpendicular on the arm’s length (Figure 5.2b). The arm 
was flexed at the elbow and the hand was in line with the arm with the 
palm upwards, parallel to the table top. The fingers were slightly extended 
in a relaxed position. The arm and hand were supported by the table top 
and relaxed, even though maintaining the prescribed position. 
The skin sample was not treated or cleaned before the measurements. 
v
Ffriction
Fnormal
noris
noris
measured skin area
direction of movement
(a)        (b)
skin
Figure 5.2 Schematic representation of the type of movement (a) and the skin sample (b).
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5.3.2 Contact material
The contact material used in this pilot study is a solid stainless steel 
cylinder. An indication of surface roughness was obtained with a confocal 
laser scanning microscope (Type VK-9710K, Keyence Corporation, 
Osaka, Japan). The arithmetic mean surface roughness (Ra) was 0.57 µm. 
The stainless steel sample was cleaned with isopropanol (IPA) at least ten 
minutes before the friction measurements.
5.3.3  Test protocol
The research was presented to the Medical Ethics Committee of the 
Medisch Spectrum Twente hospital in Enschede, in the Netherlands. 
They indicated that this study does not require an official medical-ethics 
examination. Prior to the measurement programme the subject gave 
informed consent.
In order to demonstrate the functioning of the new device, a few tests 
were performed with varying normal load and speed. Three values for the 
normal load were tested: 0.5, 1 and 2 N at 10 mm/s, and at a normal load 
of 1 N, the velocity was varied between 1, 2, 5 and 10 mm/s. After the 
desired speed was set, the device was pushed against the skin and held in 
that position. After 20 seconds, the measurement stopped automatically 
and the device was removed from the skin. 
Typically, each condition was repeated three times in order to check 
the consistency of the measurement. The measurements were all executed 
by the same researcher.
5.3.4  Analysis
The normal load and friction force were sampled with a sample frequency 
of 2.5kHz, stored in the internal data acquisition system and downloaded 
after each measurement. Data was processed using Matlab (version 
R2011b; The MathWorks Inc., Massachusetts, USA). The power spectrum 
of the signal indicated that the relevant frequencies in the signals were 
lower than 20 Hertz, therefore a low-pass filter (cut-off frequency 20 Hz, 
third order) was applied to the data. 
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5.4 results
All measurements were executed at 
an ambient temperature of 21 ºC and 
41 % relative humidity. The measured 
normal load and friction force in 
real-time of a typical measurement are 
displayed in Figure 5.3. The normal load 
of 1 N is applied to the skin and the 
cylinder starts to rotate with a relative 
velocity of 10 mm/s at t = 0 s. The 
measured variation in Fnormal is smaller 
than ± 5 % for all measurements. The 
friction force instantly changes to a 
value of approximately 0.5  N and 
remains relatively constant during 
the measurement. The tests were indicated as “not painful at all”, 
“comfortable” and “tickling” by the subject. The measurements did not 
leave visible marks on the skin. 
The coefficient of friction (µ) is calculated from the quotient of the 
friction force and the normal force: µ = Ffriction / Fnormal. 
For all measurements, the coefficient of friction was calculated in time. 
Table 5.1 displays the three trial averages and standard errors of the mean 
(mean ± sem) of the coefficient of friction for each condition. Before 
and after each set of measurements the normal loads were verified with a 
commercially available multi-axis force sensor. The readings taken before 
and after were similar for each test condition. 
1.2
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Figure 5.3 The normal and friction force of one of the 
friction tests in real-time.
Table 5.1 Coefficients of friction for the mid-ventral forearm.
v
Fnormal 1 mm/s 2 mm/s 5 mm/s 10 mm/s
0.5 N 1.78 ± 0.09
1.0 N 1.00 ± 0.03 0.91 ± 0.04 0.94 ± 0.04 0.80 ± 0.06
2.0 N 0.53 ± 0.01
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The effect of both normal load and the velocity of the cylinder is 
displayed in Figure 5.4. The circles indicate the coefficient of friction for 
each individual trial.
     
5.5 Discussion anD conclusions
5.5.1 Discussion
The actual normal load in time is fairly constant with its variation of 
± 5 % of the set value. The amplitude of the fluctuations was 0.025 N 
at maximum for all normal loads. Though relative, the magnitude of 
these fluctuations is larger for the lower load (± 5 %) than for the larger 
load (± 1.3 %), and it may also explain the larger standard error for the 
coefficient of friction measured with a normal load of 0.5 N compared 
to the standard error of µ at 2.0 N normal load. An explanation for the 
fluctuations could be owing to small body movements of the subject or 
the researcher.
Care should be taken when comparing data and it must be noted that 
the results from this pilot study are not necessarily representative for all 
skin types. Nevertheless, the results produce coefficients of friction in the 
same order of magnitude as reported in the literature and within the same 
range as the coefficients of friction reported by Derler & Gerhardt in their 
elaborate review of skin friction literature.2 Other coefficients of friction 
reported for the ventral forearm range from 0.3 to 2.1 for interaction with 
various materials under different contact conditions.8,9,11,18-22 For in vivo 
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Figure 5.4 The coefficient of friction and normal load (a) and velocity of the cylinder (b).
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human skin in contact with stainless steel the range is 0.12 - 4.3;10-12,16,22-25 
these coefficients of friction were obtained at other sites on the human 
body, for example, from the pad of the index finger. 
Even though the sample size of the current study was only one subject, 
the trends found in the current study correspond to the trends reported 
in the review study of Derler & Gerhardt.2 The trends observed in this 
pilot study were, firstly, that increasing normal loads lead to a decrease in 
µ, and secondly, that the effect of sliding velocity on µ were minimal.
The large variations in results can be explained by the interpersonal 
differences in skin characteristics between the human test subjects of 
individual studies. Furthermore, the equipment, methods, the type of 
relative movement and the conditions under which the measurements are 
executed vary among studies. 
5.5.2 Conclusions
A new mobile device is presented that is suitable for measuring the 
friction between the human skin and another material in a robust 
and reproducible way. Even on small areas of human skin, the mobile 
device allows for continuous relative movements and thus it is possible 
to evaluate the effects of large travelled paths. With a measurement of 
20 seconds and with a velocity of 10 mm/s, the travelled sliding path is 
200 mm, while the device remains stationary on the skin. Increasing the 
measurement duration allows the user to evaluate even longer sliding 
paths. In the presented pilot study with only one test subject, the results 
and trends obtained with the new device resemble those reported in the 
literature.
The small size and weight, combined with excellent portability makes 
it easier to reach many people and multiple anatomical locations. 
Larger numbers of participants and elaborate research are needed to 
expand the basis of skin friction research. This is needed for statistically 
representative analysis before the contribution made by potentially 
relevant variables for skin friction can be identified. 
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Conclusions of the development 
This second part of the thesis describes the development of the new 
device that is suitable for measuring the friction between the living 
human skin and a revolving cylindrical wheel. The device enables the 
execution of skin friction measurements on various locations and the 
researcher is not confined to a laboratory. It operates as a wireless device, 
which gives the researcher greater freedom and the subject can get into a 
comfortable position during measurements. Because the device makes it 
possible to exchange the contact material, it also furthers the study of the 
effects that materials, roughness and contact pressures have. The results 
obtained from the pilot study demonstrate that the device is suitable for 
skin friction measurements and that the first results obtained with this 
new tribometer compare to results found in the literature.  
With the availability of the device, the next step will be to use the 
RevoltST in practice, in order to determine the influential variables in 
skin friction and to contribute to knowledge on skin friction. Statistics 
will be used to analyse the effects of potentially important variables. 
In order to obtain sufficient statistical power, a substantial data set is 
required, containing measurement results on different subjects, using 
different materials under normal loads ranging from 0.5 to 2 N, with 
relative velocities between 1 and 10 mm/s. 
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7.1 introDuction
Interest in measuring the friction between the skin and other materials 
has grown considerably in the past decades. A better understanding of the 
frictional behaviour of skin is relevant to all people, as the skin interacts 
with a large variety of materials in a person’s environment. Insight into 
skin friction can be useful for product development as well as in contact 
situations in which the skin gets damaged. Ideally an objective measure 
like friction could be used as an indicator for comfort or skin damage. 
Knowledge on skin friction can also be used to enhance the experience 
and functionality of products.  
The frictional properties of the skin have been associated with 
variables like the person’s age, the relative humidity of the environment 
and the hydration of the skin. Some variables are related to each other. 
For example, hydration of the skin is assumed to be related to air 
humidity.1-4 
The skin friction measurements described in the literature are diverse 
in character:5-31 the measurements differ not only in the skin sample and 
contact material, but also in the type of movement between the skin 
and contact material, the normal load and relative velocity between the 
materials. The large differences make it difficult to compare the studies 
and to identify important variables influencing the friction in skin-object 
interactions. Nevertheless, it has been possible to identify some trends 
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in the results. One of the trends observed in skin friction research is that 
the coefficient of friction increases after water is applied onto the surface 
of the skin.15-24 For variables like age and gender, no persistent trends 
have been observed and, therefore, these variables are believed not to 
influence the coefficient of friction.14-18 Although the anatomic location 
on which the friction measurement is executed is held to be an important 
influencing factor for skin friction, it is unknown how skin friction results 
are influenced and what causes these differences. 
The objective of this study is to contribute to a better understanding 
of skin friction by coupling the data of skin friction measurements to the 
results of skin hydration and temperature, and to compare the results with 
those reported in other studies. Veijgen et al.5 recently developed a mobile 
device to measure the friction between a material of choice and the skin. 
The device enables the researcher to measure the skin at all anatomical 
locations at the glabrous and hairy skin of human subjects. The effort 
required by the subjects is limited by the portability of the device and the 
short measurement duration. The mobile device allows the researcher to 
take it to the subjects instead of requiring the subjects to visit a laboratory, 
and the short measurement duration (20 s for a standard single test, 
and approximately 10 minutes for a full programme of repeated 
measurements on several anatomical locations) makes it acceptable for 
most people to participate. The results of a comprehensive panel test are 
presented in this paper and the results of skin friction, hydration and 
temperature are compared to results from the literature.  
7.2 methoDs
7.2.1 Equipment 
The device used for the friction measurements is the portable handheld 
device described by Veijgen et al..5 The device measures the friction 
between the human skin and a cylindrical contact material of choice. 
The medical ethics committee of the MST hospital in Enschede, The 
Netherlands, advised that no medical ethics examination is required for 
this research. 
The device is equipped with a cylinder of the contact material of 
interest, which is installed before measurement. The contact material 
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rotates with its axis parallel to the surface of the skin. As the device 
remains stationary to the skin, the surface area of the cylinder slides over 
the skin. Before the measurement starts, the velocity between the skin and 
contact material can be set to a constant value of 1, 2, 5 or 10 mm/s.
The normal load is applied by a spring and is adjustable between 0.5 
and 2 N. The friction and normal forces are registered in real-time and 
stored in the internal memory, with a standard sample frequency of  
2.5 kHz. The variation in both the velocity and the normal load during a 
friction measurement is typically less than ± 5 % of the pre-set value.
7.2.2  Contact material
The mobile device was equipped with a cylinder 20 mm in diameter 
and 10 mm wide. The edges of the cylinder were rounded with a 1 mm 
radius. Cylinders of four solid materials were used: stainless steel (SST), 
aluminium (AL), polyethylene (PE) and polytetrafluorethylene (PTFE). 
The properties of the samples are summarised in Table 7.1. The surface 
roughness (Ra) was measured with a confocal laser scanning microscope 
(Type VK-9710K, Keyence Corporation, Osaka, Japan). At least ten 
minutes before a series of measurements, the samples were cleaned with 
isopropanol (IPA).
7.2.3 Participants 
The test panel of subjects was composed over several days in the spring 
of 2012 at the University of Twente in Enschede, the Netherlands. Before 
measurements started, the objective of the study and the procedure of the 
Table 7.1 Material parameters of the cylindrical samples used.
Sample Type Ra
µm
Stainless steel DIN1.4406 0.57
(AISI316LN)
Aluminium Al 6063 0.45
Polyethylene LDPE 4.27
Polytetrafluorethylene 6.39
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measurements were explained to the volunteers. The subjects gave their 
informed consent and provided information about their age. 
The sample of subjects in this study was 31 healthy volunteers (22 
male, 9 female). The age of the subjects was tested for normality with a 
Kolmogorov-Smirnov test (K-S), which indicated that the data was not 
normally distributed (p < 0.01). Therefore, age is presented as range, 
median and interquartile range (IQR). The range in the participants’ age 
is indicated by the minimum and maximum value, the median refers to 
the middle value, or 50th percentile, meaning that 50 % of the values is 
higher and 50 % lower. The interquartile range represents the difference 
between the 25th and 75th percentile. The range in the age of the subjects 
was 23 - 56 years, with a median of 26 years and IQR was 8 years.
The device enables friction measurements on many anatomical sites. 
In this study, the skin on four anatomical sites is assessed: two locations 
on the hand and two on the lower arm (Figure 7.1). The axis of rotation 
was perpendicular to the length of the arm, hand or finger.  
The subjects were asked to participate in the study just before the 
measurements were executed. As cleaning or treating the skin just before 
measuring it would probably influence the skin friction results, the 
skin samples were not treated or cleaned in a specific way. The subjects 
followed their usual skin care routine and they indicated whether they 
had washed the skin areas of interest and whether they treated the skin 
area with skin care products within one hour before the measurements. 
7.2.4 Measurements and contact parameters
Before executing the skin friction measurements, the temperature and 
hydration level of the skin were measured at the skin area of interest. An 
FAV IFP FAD
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Figure 7.1 The anatomical locations tested.
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indication for hydration of the skin was obtained with a Corneometer 
(CM825; Courage + Khazaka Electronic GmbH, Cologne, Germany). The 
Corneometer uses the capacitance as an indicator for the hydration of the 
outer 10 µm of skin, and the results are expressed in arbitrary units (AU). 
The temperature of the skin area was measured with a commercial fever 
thermometer, which uses infrared to measure the temperature. Measuring 
the skin hydration and temperature before skin friction measurements 
was preferred because it could be done at the same time as the subject 
provided information on some personal characteristics. A pilot study 
demonstrated that the measured values before and after skin friction 
measurements for both variables did not differ significantly.
Together with the self-reported characteristics of the subjects, the 
applied test settings and the ambient conditions were logged. Before 
starting a measurement, the device was adjusted to the desired normal 
load and velocity. The normal load and velocity were pre-set and remained 
constant during the skin friction measurements. The constant value for 
the normal load varied between 0.5 and 2.0 N and the velocity between 
the skin and contact material was varied between 1, 2, 5 or 10 mm/s. 
The ambient conditions were described in terms of air temperature and 
relative air humidity.
After the conditions were logged and the desired settings were 
applied, the device was pushed onto the skin and held in that position. 
Subsequently, the motor started the relative motion between the contact 
material and the skin. After 20 seconds, the measurement stopped 
automatically and the device was removed from the skin. 
Each measurement condition was repeated three times in order to 
check the consistency of the measurement. Whilst downloading the data 
into the computer there was a cursory inspection of the data. If the raw 
results displayed a large variation, the condition was measured three times 
again. The measurements were all executed by the same researcher.
The ambient conditions were not normally distributed (K-S  
p < 0.001), and are therefore presented as range, median and IQR. The 
measurements were executed at an air temperature ranging from 20.8 - 
25.3 °C (median 24.2 °C; IQR 0.8 °C) and a relative air humidity of  
32 - 57 % (median 43 %; IQR 18 %).
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7.2.5 Data processing and statistics
The normal load and friction force, which were sampled at the minimum 
sample frequency of 2.5 kHz, were downloaded from the internal data 
acquisition system into the computer after each measurement. Data 
was processed with Matlab (version R2011b; The MathWorks Inc. 
Massachusetts, USA). 
For the statistical analyses PASW statistics software was used (release 
18.0; IBM Inc, Armonk, USA). The definitions used in this study are 
displayed in Table 7.2. The level of confidence was set at 95 %. Therefore 
α, which represents the probability that the measured effects were caused 
by chance alone, is 0.05. 
All variables were tested for normality with a Kolmogorov-Smirnov 
test (K-S). The outcome, p-value, indicates the probability that the 
hypothesis (that the data in a certain variable are normally distributed) 
is caused by chance alone. Values for p smaller than 0.05 are used to 
conclude that the data for that variable are not normally distributed.
The non-normal character of the data requires the use of 
nonparametric tests for the statistical analyses. The variables 
were compared using either a Mann-Whitney U test (M-W) or 
an independent-samples Kruskal-Wallis test (K-W). These are 
nonparametric tests for analyzing the differences between two (M-W 
test) or more (K-W test) groups. For example, an M-W test was used 
for determining the difference between men and women (two groups), 
and a K-W test for the four anatomical locations. For both tests, p-values 
smaller than 0.05 indicate that there are significant differences between 
the groups. Spearman’s rank order correlation coefficient rho (denoted 
by rs) was used to indicate the dependence between two variables. A 
positive value for rs indicates that the relationship between the variables is 
proportional: for example in a relationship between X and Y, larger values 
for X result in larger values for Y. When rs is negative, the relationship is 
inversely proportional, and increasing X will lead to a decrease in Y. The 
magnitude of rs indicates how the spread or distribution of the data is 
around the best fit line, rather than the direction of this line. 
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7.3 results
The results of the friction measurements and the measured skin hydration 
and skin temperature data will be related to each other. Before comparing 
the results, first the data on skin hydration, skin temperature and friction 
will be discussed separately. The distribution of the measurement results 
(coefficients of friction, skin hydration and skin temperature) was not 
normal (K-S p ≤ 0.003). Therefore, nonparametric tests are used and the 
data is presented as range, median (IQR), unless stated differently.
7.3.1 Skin hydration and skin temperature
The results of the skin temperature and skin hydration are displayed 
in Table 7.3. The distribution of both the skin temperature and skin 
hydration was significantly different across the anatomical locations with 
p < 0.001 for both variables. The variation in both skin hydration and 
skin temperature for the location index finger pad was relatively large 
compared to the other anatomical locations. 
Spearman’s rho between the skin temperature and hydration of the 
skin on the forearm was significant with an LOC of 95 %, but not for the 
hand. For the ventral forearm rs = -0.467 (p < 0.001) and for the dorsal 
side of the forearm rs = -0.346 (p = 0.042). 
The hydration of the index finger pad was significantly correlated with 
the relative humidity (rs = 0.361; p = 0.028), though for other locations no 
significant correlation was found. The temperature of the ventral forearm 
Table 7.2 An overview of the definitions used. 
µ Coefficient of friction, calculated as the quotient of the friction force and normal load. 
µstatic Static coefficient of friction. In this study defined as the peak value in the coefficient 
of friction in the first second after the movement was initiated. In cases in which no 
peak was visible, the µstatic and µdynamic were assumed to be equal in this study.
µdynamic Dynamic coefficient of friction. Defined as the mean value of the data points after the 
coefficient of friction had stabilised. 
Ffriction Friction force, the force caused by the resistance against the motion between the skin 
and contact material.
Fnormal Normal load: the force between the skin and contact material.
v The velocity of the rotating cylinder sliding over the skin.
122 Relating friction on the human skin to hydration and temperature of the skin
was significantly correlated with the ambient temperature (rs = 0.492;  
p < 0.001), though not for the other body regions. 
For the two locations on the forearm, the skin temperature for men 
was significantly higher than for women (M-W p < 0.0001 and p = 0.002 
for the ventral and dorsal forearm respectively). The hydration was 
significantly different for men and women on all anatomical locations 
(M-W p ≤ 0.03). Figure 7.2 shows a box plot of the skin hydration as 
measured on the four anatomical locations. The boxes indicate the 
interquartile range, with an indicator 
for the median. The T-bars at both 
ends of the bar indicate the minimum 
and maximum. When measured 
values deviate more than 1.5 times 
the IQR from the quartile, the T-bars 
indicate 1.5 * IQR and the deviating 
values are indicated separately by 
dots. The dark bars indicate the 
hydration levels for men, and the 
light bars those for women. The figure 
shows that compared to women skin 
hydration for men is higher on the 
pad of the index finger. On the other 
anatomical locations measured in 
the present study, the hydration was 
lower for men compared to women. 
Table 7.3 Measurement results of the temperature and hydration of the skin. 
Skin temperature (in °C) Skin Hydration (in AU)
range median  (IQR) range median  (IQR)
Total 21.4 - 35.1 32.1 (2.7) 4 - 112 25.5 (3.1)
Ventral forearm 29.1 - 34.9 32.2 (2.6) 13 - 56 41.0 (10.0)
Dorsal forearm 30.7 - 34.6 32.4 (1.6) 4 - 47 29.0 (19.3)
Index finger pad 21.4 - 35.1 30.2 (6.2) 22 - 112 78.4 (47.0)
Dorsum hand 30.3 - 33.2 32.1 (2.8) 10 - 43 25.5 (3.1)
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Figure 7.2 The hydration level of the skin depends on the 
anatomical locations.
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7.3.2 Coefficients of friction 
Both static and dynamic coefficients of friction were calculated from 
the measured friction and normal forces. The correlation between the 
dynamic and static coefficient of friction was high: rs was 0.923 (p < 0.001) 
for all friction measurements. There was a linear relationship between the 
static and dynamic coefficient of friction: the static coefficient of friction 
is a factor 1.17 larger than the dynamic coefficient of friction. 
Anatomical location
The results for both static and 
dynamic coefficient of friction are 
displayed in Table 7.4. The coefficients 
of friction were significantly different 
across the parts of the body (K-W  
p < 0.001 for both µstatic and µdynamic) 
and other skin variables (K-W  
p < 0.001 for both skin hydration and 
skin temperature). 
The correlations between the 
coefficient of friction and the skin 
temperature and skin hydration 
were significant (all p < 0.001). The 
Spearman’s correlation coefficients 
were -0.375 and 0.564 for µstatic, and 
Table 7.4 The coefficients of static and dynamic friction for different body regions. 
Static coefficient of friction Dynamic coefficient of friction
range median  (IQR) range median  (IQR)
Total 0.03 - 3.86 0.52 (0.73) 0.02 - 3.64 0.36 (0.60)
Ventral forearm 0.05 - 3.86 0.53 (0.55) 0.02 - 3.64 0.42 (0.53)
Dorsal forearm 0.03 - 0.90 0.23 (0.27) 0.03 - 0.62 0.15 (0.19)
Index finger pad 0.20 - 1.19 1.04 (0.93) 0.28 - 1.75 0.90 (0.90)
Dorsum hand 0.05 - 0.65 0.40 (0.34) 0.05 - 0.48 0.19 (0.30)
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Figure 7.3 The coefficient of friction varies over the four 
anatomical locations.
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-0.327 and 0.553 for µdynamic for skin temperature and skin hydration 
respectively. Figure 7.3 displays the static and dynamic coefficients of 
friction for all body regions.
Contact material
The coefficient of friction not only depends on the skin, but also on the 
contact material (Figure 7.4). The coefficient of friction with stainless 
steel is higher than for the other materials, while the coefficient of friction 
for PTFE is lower (both p < 0.001). The coefficients of friction obtained 
with aluminium and PE were not significantly different. The differences 
in µ between anatomical locations were observed for all anatomical 
locations together as well as for the locations separately.
The conversion rate between the dynamic and static coefficient of 
friction was significantly different between the anatomical regions. For 
stainless steel and aluminium the conversion rates were similar (1.13), 
but the rates were significantly higher for PTFE and PE (1.58 and 1.77 
respectively).
Gender
The differences in the dynamic 
coefficient of friction between men and 
women are shown in Figure 7.5. The 
differences in the dynamic coefficient of 
friction are significant for the locations 
index finger pad and dorsum of the 
hand (M-W p = 0.007 and p = 0.032 
respectively). The static coefficient 
of friction behaves similarly and is 
also significantly different for these 
locations (M-W p = 0.032 and p = 0.028 
respectively). 
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Figure 7.4 Measurements with the four materials yield 
different coefficients of friction .
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Operational conditions and 
environment
The velocity between the skin and the 
contact material was varied between 
1, 2, 5, and 10 mm/s. There was no 
effect observed for the sliding velocity 
on the coefficient of friction for the 
different body regions. The normal 
load in this study was varied between 
0.5 and 2 N. There was a significant 
correlation between the normal load 
and the coefficient of friction, for both 
µstatic and µdynamic. Spearman’s correlation 
coefficient was -0.398 (p < 0.001) and 
-0.439 (p < 0.001) for µstatic and µdynamic 
respectively, which indicated that the coefficient of friction was higher for 
lower loads. Regression analysis could not give a definite answer to the 
nature of the relationship between the variables: curve fitting based on 
regression analysis returned linear and logarithmic models as the best fit 
options, although for both models the explained variance with both linear 
and logarithmic models was low (R2 < 15 %). 
7.4 Discussion
The objective of this paper was to compare data of the skin friction, 
hydration and temperature measurements on four anatomical regions on 
the human skin. The skin friction measurements were performed with 
four materials. The measurement data were obtained with a test panel of 
31 people: 22 male and 9 female.
7.4.1 Skin temperature and skin hydration
This study obtained a median skin temperature of 32.1 °C and a median 
skin hydration of 25.5 AU. Other studies found comparable values for 
the skin hydration. Bettinger25 obtained higher values for the hydration 
on the proximal forearm, with a median skin hydration of 79.3 AU for 
untreated skin. The hydration of the index finger measured in the current 
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Figure 7.5 The influence of gender on µdynamic varies 
over the anatomical locations.
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study of 78.4 is comparable to the Corneometer values of 70 AU reported 
by Kuilenburg et al..6 The median Corneometer value for the dorsum 
of the hand in the current study was 25.5 AU. Zhu et al.24 reported 
medians ranging from 25 to 35 AU, at this anatomical location for the age 
corresponding to that of the subjects participating in the current study.
It was expected that the hydration of the skin would be related to the 
air humidity and that the temperature of the skin would correlate to the 
ambient temperature. However, only for the hydration of the skin on the 
index finger pad was there a significant correlation to the air humidity, 
the air humidity was rather correlated with the temperature of the skin. In 
the literature reporting on the relationship between skin hydration and air 
humidity1-4 the values for the air humidity were more extreme  
(RH > 80 %) rather than the humidity of 43 % in the present study. This 
may explain why the expected relationship, as reported in the literature, 
was not found in the current study. 
7.4.2 Coefficients of friction
Comparing coefficient of friction
The coefficients of friction obtained in this study range between 0.03 and 
3.86 for µstatic and 0.02 and 3.64 for µdynamic. The range in the coefficients of 
friction is large. The lowest coefficients of friction (µ < 0.1) are obtained 
from persons with many hairs on the skin area of interest, or with 
lower values for skin hydration and at a higher air humidity. The lower 
coefficients of friction were mainly obtained with PTFE. Typically, all 
coefficients of friction smaller than 0.1 were obtained from male subjects, 
whereas the higher coefficients of friction (over 1.5) were mostly obtained 
from females, whose skin had a higher hydration level and most often was 
measured with stainless steel. 
The coefficients of friction reported in the literature also display a large 
variation: 0.11 - 3.47,8 and 0.07 - 5.09,10 for µstatic and µdynamic respectively. In 
most skin friction research, the dynamic coefficient of friction is used to 
discuss the friction involving the human skin and is the term hydration is 
used for conditions in which water is added in between the skin and the 
contact surface. The effect of hydration on friction is simulated by adding 
water in between the materials. Nevertheless, in the current study the 
127
Relating friction on the human skin to hydration and temperature of the skin 
CHAPTER 7
differences in the Corneometer readings are attributed to interpersonal 
differences rather than to skin treatment or the application of water to the 
skin. 
This study describes the results of skin friction measurements in 
relation to the skin hydration and skin temperature, based on a relatively 
large sample of subjects. There are few studies that compare to the current 
study, regarding the contact parameters, e.g. normal load, velocity and 
type of movement, and environmental conditions, e.g. temperature 
and air humidity. Therefore it is more useful to compare the trends 
observed in the current study to those reported in the literature, rather 
than comparing the measured values for the coefficients of friction. 
Moreover, in some studies the frictional properties are not expressed 
as the coefficient of friction but in arbitrary units21 or in a customised 
expression.14
Relationship between skin temperature and coefficient of friction
The effect of skin temperature on the frictional properties of the skin 
has not been described in the literature. The results of the present study 
indicate a linear relationship between the 
temperature of the skin and the dynamic 
coefficient of friction, although it must 
be noted that the explained variance is 
rather low (R2 = 0.11). Figure 7.6 shows 
that there is also a linear relationship 
between the skin hydration and skin 
temperature (R2 = 0.23). Regression 
analysis shows that both variables 
contribute significantly to the variation 
in the coefficient of friction, which 
indicates that the skin temperature is, 
besides the hydration of the skin, an 
important variable in influencing skin 
friction. 
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Figure 7.6 The linear relationship between skin 
hydration and skin temperature.
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Relationship between hydration and 
coefficient of friction
One of the hypotheses in the current 
study was that there would be a 
relationship between the hydration 
and coefficient of friction. In the 
literature, a more hydrated skin (or 
higher Corneometer readings) has 
been associated with an increase of 
the adhesion between the skin and 
contact material, and consequently an 
increase of the measured friction.14-16,22 
The explanation could be found in the 
decreased stiffness of the skin, leading 
to a larger real contact area between the 
contact material and hydrated skin. Therefore, it was expected that higher 
hydration levels would lead to higher coefficients of friction. 
The results in the current study confirm that there is a significant 
positive correlation between the hydration of the skin and the coefficient 
of friction and curve fitting returns and that the relationship is either 
linear or exponential, although the explained variance does not give 
a decisive answer to the nature of the relationship. Figure 7.7 shows a 
scatter plot of the coefficient of friction and the hydration of the skin. The 
line indicates the linear regression line. Gerhardt et al.16 and Cua et al.17 
reported a linear relationship between hydration and friction, whereas 
Kwiatkowska et al.24 found that the relationship was rather exponential. 
Hendriks & Franklin23 found both linear and exponential relationships, 
depending on the environmental conditions. The results on the 
relationship between the skin hydration and skin temperature reported 
in the literature support the relationship observed in the current study, 
although the literature could not give a definite answer about the nature 
of this relationship. 
The results of the present study indicate that skin hydration is an 
important influencing variable for skin friction. Increasing hydration 
Figure 7.7 The linear relationship between the 
coefficient of friction and the skin hydration.
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levels leads to higher coefficients of friction. This effect is observed for 
each of the four contact materials and for each anatomical location. 
Gender differences
The coefficients of friction were significantly higher for men than for 
women at the index finger pad, whereas it was significantly lower at 
the dorsum of the hand. The hydration of the index finger skin is also 
significantly higher for men than for women and at the dorsum of the 
hand the hydration is also significantly lower for men than for women. 
The temperature on these skin locations was not significantly different 
between men and women. 
Skin hydration at the locations on the forearm is lower for men, 
compared to women for both locations, while on the contrary, the skin 
temperature at these locations is higher for men compared to women. For 
both locations on the arm there are no significant gender differences for 
the coefficient of friction. 
The significant differences in coefficient of friction between men and 
women can be related to the differences in hydration. Regression analysis 
demonstrates that practically all of the variability in the coefficient of 
friction can be explained by the differences in hydration and not by 
gender differences. 
In the current study, the coefficient of friction was lower for men 
compared to women for PTFE. This is supported by Zhu et al.,21 who also 
found significant differences for the friction on the dorsum of the hand 
(p < 0.001), measured with PTFE for a corresponding age category. 
Body region
One of the trends observed in the current study is that the coefficient of 
friction is highest on the index finger, followed by the ventral forearm. 
For the four locations reported in this study, the lowest coefficients of 
friction were obtained from the dorsum of the hand and the dorsal 
forearm. Derler & Gerhardt15 summarised in their review that the 
coefficient of friction is higher for the ventral forearm compared to the 
dorsal forearm, which supports the trend found in the current study. 
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The spread in skin hydration and 
skin temperature was high for the index 
finger. This is reflected in the higher 
spread in the coefficient of friction. 
Figure 7.8 shows a scatter plot of the 
skin hydration to the dynamic coefficient 
of friction for all measurements. The 
coloured areas group the results of the 
four anatomical locations. From the plot 
it can be concluded that the hydration of 
the skin varies over the four measured 
anatomical locations. The hydration of 
the skin is an important variable for the 
coefficient of friction. The differences 
in skin hydration and body region 
indicate that it is important to measure 
the anatomical site of interest for skin friction measurements, and that 
skin friction results on one anatomical location are not necessarily 
representative for skin friction on other anatomical locations. 
Contact material
Another trend observed in the current study is that with regard to the 
four materials, and for all anatomical locations the friction between the 
skin and stainless steel is highest, and PTFE is lowest. The difference 
between µdynamic obtained in the interaction between the skin and 
aluminium or PE depends on the body region, while the static coefficient 
of friction for all anatomical locations of PE is higher than that of 
aluminium. The differences in the coefficients of friction are attributed 
to material and surface roughness. Bullinger et al.20 did not support this 
trend: they found higher values for aluminium than for steel, although 
another type of steel was used with different surface roughness. Gee et 
al.27 and Comaish & Bottoms28 support the trend observed in the current 
study: Gee et al.27 found higher coefficients of friction for steel than for 
PE, and Comaish & Bottoms28 found higher values for PE compared to 
PTFE.
Figure 7.8 The dynamic coefficient of friction and the 
skin hydration depend on the anatomical location. 
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Relationship coefficient of friction and normal load
The friction involving the human skin is often described in a model 
based on Hertz’s theory. The model assumes an exponential relationship 
between the normal and friction force rather than a linear relationship, 
which can be seen in the friction between two metal surfaces. The 
relationship between Ffriction and Fnormal can simplified into: 
 Equation 7.1  Ffriction ~ C * (Fnormal) n
The variable C is determined by the properties of the interacting 
materials, like the geometry and the roughness, and the real area of 
contact between the skin and contact material. With the Hertz theory, 
the exponent n has a value of 2/3 for adhesive contacts and 4/3 when the 
friction force is determined by sub-surface deformations.11,29 The values 
for n reported in the literature range from 0.66 to 1.0.8,9,11,30,31 The results 
of the current study yield a comparable value with n = 0.69.
7.4.3 Equipment
Other measures for the frictional behaviour
The measured signal for the friction force and coefficient of friction 
displayed some noise. The amplitude of this noise was relatively larger for 
the centre of the ventral forearm and was smaller for the pad of the index 
finger. Figure 7.9 displays an unfiltered coefficient of friction in time, and 
clearly shows the difference in the amplitudes of the coefficient of friction 
for the index finger pad and the ventral forearm. 
The amplitude in the friction force was used as an indicator for the 
frictional behaviour of skin in two other studies.11,12 Koudine et al.8 
found larger amplitudes for the dorsal forearm, compared to the ventral 
forearm. In the current study, from the tested anatomical locations, the 
amplitude for the ventral forearm was lowest, followed by the dorsal 
forearm and the dorsum of the hand, and was highest for the pad of 
the index finger. Koudine et al.8 ascribe the amplitude to microscale 
deformations due to the roughness of the skin. This could explain the 
larger amplitude at the index finger pad with the roughness caused by the 
fingerprints. Asserin et al.12 only uses the amplitude of the signal to show 
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the differences between an older and younger subject. This age distinction 
was not found in the current study. 
The development of the friction in time differed between body 
regions. Typically, the friction is high directly after the start of the 
measurement and decreases to a plateau value. For the dorsal forearm, 
the friction force stabilised relatively quickly compared to the other 
anatomical locations. More noticeable is the effect of contact material on 
the time to reach the dynamic coefficient of friction. Figure 7.10 shows 
that the course of the coefficient of friction in time is different for the 
PTFE sample compared to the aluminium sample. Both measurements 
were executed at the mid-ventral forearm. The material and location 
dependency shown in Figures 7.9 and 7.10 are representative of the 
differences seen in all measurements. 
The time to reach the plateau of the dynamic coefficient of friction 
has not often previously been reported as a measure for the frictional 
behaviour of human skin. Hendriks & Franklin23 mentioned a 
plateau value which was reached after about 60 seconds, but in their 
measurements the coefficient of friction increased to a plateau value. 
Type of movement
The contact geometry used in the current study has also been used by 
Highley et al.19 and Bullinger et al..20 Bullinger et al.20 measured the 
friction between the index finger pad and steel (Fe360) and aluminium, 
and obtained coefficients of friction of approximately 1.9 for aluminium 
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Figure 7.9 The amplitude of the fluctuations in the coefficient of friction 
varies with anatomical location.
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and 1.6 for steel. Highley et al.19 measured the friction between the 
untreated skin on the mid-ventral forearm in contact with PA. 
The review study by Derler & Gerhardt15 summarises the coefficients 
of friction obtained in many studies. They conclude that the measurement 
technique influences the measured skin friction coefficient: in rotational 
movements, the high contact pressures combined with the occlusion 
of the skin area of interest cause the skin to sweat and, consequently, 
this increases the friction. However, when comparing the coefficients 
of friction, the values obtained with rotational movements are lower 
than those obtained with linear movements. An explanation for the 
higher values for the linear movements can be explained by the effect 
of ploughing of the contact material through the skin, which is less in 
rotational movements.15,26 This can be attributed to the fact that with 
linear movement the contact material constantly deforms a new area 
of skin, while in the described rotational 
movement only a small area of skin is 
deformed at the start of the measurement. 
The coefficients of friction in the current 
study compare more to those with other 
rotational movements than to coefficients of 
friction obtained with linear movements. This 
can also be attributed to the fact that only a 
small area of skin is deformed for the entire 
measurement, instead of constantly deforming 
a different skin area. 
It can be concluded that the type of 
movement used in the new mobile device 
is suitable for measuring the friction on the 
human skin. The measured coefficients of 
friction compare with the results reported in 
the literature. The advantage of the rotational 
movement used in the present study is that 
large travelled paths can be attained on small 
areas of skin.
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Figure 7.10 The time for the coefficient of friction 
to stabilise depends on the type of material.
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Extreme coefficients of friction
It could be argued that values of the coefficient of friction over 1.5 
are outliers. Nevertheless, as the conclusions were not influenced 
considerably by those values, they are left in the data set to indicate that 
the interpersonal differences in coefficient of friction are substantial. 
The results are assumed not to be caused by defects in the measurement 
equipment, as all trial tests gained the same coefficient of friction. 
7.4.4 Other considerations
Experiments on human subjects require the willingness of people to 
cooperate. During the present study, it was remarkable that subjects 
were willing to cooperate as long as the measurements did not take them 
more than 10 - 15 minutes and that they refused to cooperate if they had 
to remove their shoes and socks, for example. Therefore the anatomical 
locations reported here were limited to the four locations at the forearm 
and hand, although the device can be used for skin friction measurements 
at any site on the human body. 
7.5 conclusions
The coefficient of skin friction as well as the hydration and temperature 
of the skin all vary for the four measured anatomical locations at the 
forearm and hand. The static and dynamic coefficients of friction 
are highly correlated. There is a linear relationship between µstatic and 
µdynamic. There were significant differences in the coefficient of friction, 
temperature and hydration between men and women. The differences in 
the coefficient of friction between men and women could be explained by 
the differences in hydration rather than by gender differences. An inverse 
relationship was observed between the normal load and coefficient of 
friction, whereas there was no significant effect of the sliding velocity. 
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8.1 introDuction
For over 60 years, researchers in a diversity of domains have studied the 
frictional behaviour of the human skin, in order to determine which 
variables are the most important influential ones. These domains include 
mechanical engineering, material science, product design, dermatology 
and rehabilitation. Limited knowledge is available on the influence of the 
various parameters on the frictional behaviour of the skin and little is 
known about the mechanisms by which skin friction is influenced. Possible 
reasons for the limited knowledge can be found in the large interpersonal 
variation in combination with the fact that most conclusions are based on 
only a limited number of subjects. 
Skin friction is a system parameter which depends on the 
characteristics of both the human skin and the material in interaction with 
the skin, as well as on the environment surrounding the materials and 
the contact parameters. The material in contact with the skin is often an 
engineering material and can be described unambiguously with parameters 
commonly used in materials engineering (including type of material 
and surface roughness). It is, by contrast, more complex to describe the 
characteristics of the skin. In vivo human skin has been associated with a 
large number of influential variables, of which age,1-15 eating and drinking 
habits12-16 and time of year13-17 are merely a few examples. 
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Knowledge of skin friction can be used to prevent the human skin 
from becoming injured or from feeling discomfort. One of the main 
purposes of skin friction research is to prevent injuries and reduce skin 
complaints. These injuries can be caused indirectly by the falling or 
slipping of objects, or directly by excessive shear forces, which can lead to 
blisters, ulcers, lacerations and skin irritation. Another objective concerns 
treating the symptoms of skin damage and limiting the complaints. This 
can be achieved by treating the symptoms of skin injuries or complaints 
concerning the skin: for example, by applying hydrating creams in cases 
of xerosis or psoriasis.15,18,19
Situations in which skin friction is important, have been associated 
with a large variation in skin characteristics, material properties and 
environmental conditions. In order to select the suitable conditions for a 
skin friction application of interest, the following three items are of main 
concern: 
1. Which parameters influence the friction in skin-object contact?
2. How does a change in this parameter influence the frictional 
behaviour?
3. What is the extent of this effect? 
Researchers with an engineering background often express the skin’s 
properties in terms such as skin layer thickness, Young’s modulus and 
shear strength. In fields like product development, alternative indicators 
may give more insight. For example, it may be more comprehensive to 
relate the development of friction blisters to gender rather than to the 
shear strength of the granular layer of the epidermis. In fact, numerous 
variables have been associated with skin friction and even more variables 
have been reported in the literature which can influence the skin’s 
properties. 
The objective in this paper is the identification of variables that 
influence the tribological behaviour involving the human skin. The results 
are based on a large data set, measured between the skin and aluminium, 
at a constant load of 1.2 N and constant velocity of 10 mm/s on three 
locations on the left upper extremity: the middle of the ventral aspect of 
the forearm, the middle of the dorsal forearm and the palmar aspect of 
the distal phalanx of the index finger, also referred to as index finger pad. 
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8.2 methoDs
For all subjects, a strict protocol was followed for the execution of the 
measurements. First the subject is given information about the study, 
the objective and the measurements, followed by providing informed 
consent. The subjects completed a questionnaire, followed by the 
measurements of the skin hydration and skin temperature on all assessed 
anatomical locations. The skin friction measurements were executed 
successively.
8.2.1 Questionnaire
In this study, the effect of potentially influential variables on the 
frictional behaviour is assessed. In order to obtain information on 
personal variables and characteristics, the participants completed a single 
questionnaire. 
The variables for the questionnaire were extracted from the literature. 
A group of five people, consisting of both random people from the street 
and experts on skin, was asked which variables they thought would 
influence either the skin’s properties or the friction involving the human 
skin. The variables that these people mentioned corresponded to the 
variables in the literature. A questionnaire was built from the variables. 
The design of the questionnaire bore in mind that any literate person, 
independent of their background or their educational level, could answer 
the questions without requiring any help from the researcher. 
In the introduction to the questionnaire, participants were informed 
about the purpose of the study. The questionnaire contained both closed 
and open ended items. As a pre-study the questionnaire was presented 
to a group of 15 people who had different backgrounds, professional 
disciplines and educational levels. The objective of the pre-study was 
to assess whether the questions were unambiguous, easy to answer and 
whether the questionnaire was not too long. All volunteers indicated that 
the information provided as well as the questions asked were clear and 
easy to understand. The questionnaire could be answered within two 
minutes without further explanation or elucidation. 
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Based on the comments made by the volunteers, the questionnaire 
was refined. The final questionnaire contained ten variables (Table 8.1, 
pp157-158). Additionally, the body mass index (BMI) was calculated for 
each participant, and defined as the ratio of the body mass over the height 
squared: BMI = BodyMass / (Height)2.
The researcher noted down an additional seven variables for each 
subject and six variables were measured for each measurement condition: 
the static and dynamic coefficient of friction, skin hydration, skin 
temperature, ambient temperature and air humidity. In the literature, 
the type of material of the contact,7,8,20-28 the normal load between 
this material and the skin,21-32 and the relative velocity between the 
materials21-24,33 are considered to be important variables in the friction 
measured at the human skin. In this paper, the contact material, the 
normal load and the relative velocity are maintained constant in order to 
decrease the influence of these variables and, consequently, to limit the 
number of variables in the statistical analyses. 
8.2.2 Measurements on the skin
The skin hydration and skin temperature were both measured at all 
assessed anatomical locations. The friction measurements were executed 
subsequently. 
Skin hydration
After completing the questionnaire, the hydration of the skin was 
measured with a Corneometer (CM825; Courage + Khazaka Electronic 
GmbH, Cologne, Germany). The hydration of the outermost 10 µm 
is measured with capacitance by pushing the probe onto the skin. The 
computer software readily returned the hydration in arbitrary units (AU). 
All anatomical locations were measured three times. When the values for 
the three measurements showed a variation larger than 10 %, the location 
was tested three times again. The average of the three readings was saved 
with the data. 
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Skin temperature 
The temperature of the skin was measured before starting the friction 
measurements. A commercial household thermometer was used to 
measure the temperature of the skin surface. The thermometer uses 
infrared to measure the temperature of the skin at a small distance from 
the skin surface. The temperature was measured twice, and when the 
temperatures ranged more than 0.3 °C, the temperature was re-measured 
twice again. The average of the two temperatures was registered with the 
other data for each anatomical location. 
Skin friction
Finally, the skin friction was measured with the RevoltST mobile 
device described by Veijgen et al..34 This portable device was developed 
specifically for skin friction measurements. For the current study, the 
device was equipped with an AL6060 aluminium cylinder with a diameter 
of 20 mm, 10 mm long and the edge was rounded with a 1 mm radius. 
The aluminium sample had a surface roughness (Ra) of 0.45 µm and was 
cleaned with isopropanol before each measurement condition. 
The RevoltST can measure friction forces in the range 0.01 - 6 N. The 
pre-set normal load was chosen in the middle of the adjustable normal 
load range (0.5 - 2 N), so that both low and high coefficients of friction 
could be measured by the device. In a previous measurement programme, 
the coefficient of friction was most stable when measuring the interaction 
between the skin and aluminium. The relative velocity of 10 mm/s was 
chosen because there was some evidence that the coefficient of friction 
stabilised faster at higher velocities. 
Therefore, the normal force was pre-set on 1.2 N and a relative 
velocity of 10 mm/s. The normal and friction force were logged inside 
the device with a sample frequency of 2.5 kHz. The measurements were 
executed three times successively.  
The friction between the skin and aluminium was tested on three 
locations on the left upper extremity: the pad of the index finger, the mid-
ventral area of the forearm and the mid-dorsal area of the forearm  
(Figure 8.1). 
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The subjects took part in the study on site. Therefore, they had followed 
their usual skin care routine. Their skin was acclimated to the ambient 
conditions, but not specifically treated for the sake of the measurements. 
The subjects indicated whether they had washed or treated the skin areas 
of interest in a certain way in the hour preceding the measurements. 
8.2.3 Variables
The variables that are assessed and included in the current study are 
summarised in Table 8.1 (pp 165 - 166). 
 
The measured variables
In this study, the static coefficient of friction (µstatic) is defined as the 
ratio between the peak value in the friction force (Figure 8.3). In 
most measurements, this peak value occurred in the first second after 
movement is initiated. In the few cases in 
which no peak was visible, the µstatic and 
µdynamic are assumed equal. The dynamic 
coefficient of friction (µdynamic) is defined 
as the ratio of the mean value of the data 
points after the coefficient of friction has 
stabilised and the normal force.
The hydration in the outermost 10 µm 
of skin is measured with a Corneometer 
(CM825; Courage + Khazaka Electronic 
GmbH, Cologne, Germany), and is 
expressed in arbitrary units (AU). The 
skin temperature is measured at the 
v
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Figure 8.1 For all anatomical locations on the upper extremity (a) the rotational axis was perpendicular to 
the length of the arm or finger (b). 
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Figure 8.3 The definitions of the static and dynamic 
coefficient of friction used in this study.
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surface of the skin, and expressed in °C. The ambient temperature and 
relative air humidity of the room in which the measurements took place 
were logged for each measurement location. The temperatures and 
relative humidity are measured with commercially available equipment 
and are expressed in °C and % respectively.
8.2.4 Subjects
During several days in the spring and summer of 2012, the volunteers 
were recruited to participate in the study at multiple locations in the 
Netherlands. In the study, 50 persons (34 men, 16 women; median 
(interquartile range) age 28 (26) years) volunteered to participate in the 
study. Before executing the measurements, the participants gave informed 
consent and provided additional information by completing a single 
questionnaire. The subject characteristics are summarised in Table 8.2 on 
p167. 
8.2.5 Statistical analyses
The measured friction data were downloaded into the computer. Matlab 
(version R2011b; The MathWorks Inc., Massachusetts, USA) was used 
to obtain the coefficients of friction for each measurement. The data was 
filtered with a low-pass filter with a cut-off frequency of 20 Hz before 
the coefficients of friction were calculated. The coefficient of friction 
is defined as the quotient of the friction force and the normal force. 
The development of the coefficient of friction was roughly the same for 
all measurements: during the first second after initiating the relative 
movement between the skin and aluminium, the coefficient of friction 
showed a peak. After this maximum, the coefficient of friction stabilised 
to a plateau. The peak indicated the static coefficient of friction whereas 
the stabilised value was used for the dynamic coefficient of friction 
(Figure 8.3).
For the statistical analyses, PASW (version 18.0; SPSS Inc., Chicago, 
USA) is used. Based on a previous study,44 the data are assumed not to 
be normally distributed. This is checked with a Kolmogorov-Smirnov 
test (K-S), in which a p-value smaller than 0.05 is used to indicate that 
the distribution of the data does not follow the bell-shaped normal 
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distribution. Data is represented as median ± interquartile range (range). 
The median indicates the 50th percentile, meaning that 50 % of the values 
is smaller and 50 % of the values has a higher value than the median. The 
interquartile range indicates the difference between the 75th and 25th 
percentile. The effect of variables is tested with Mann-Witney U tests 
(M-W) in the case of two variables and Kruskall-Wallis tests (K-W) when 
more than two variables are compared. The Mann-Witney U test is the 
nonparametric alternative for the better known t-test and the Kruskall-
Wallis test is a nonparametric ANOVA. Correlations between variables 
are indicated with Spearman›s rho (rs) and the p-value of the correlation 
is given. Positive correlation coefficients indicate that an increase in the 
first variable involves an increase in the other variable, whereas a negative 
correlation coefficient involves an increase in the first variable with a 
decrease in the other variable. 
A significant Spearman’s correlation does not necessarily mean that 
there is a linear relationship between the two variables, as is implied in 
Pearson’s correlation. Curve fitting based on regression analysis is used to 
determine the nature of the relationship between the significantly related 
variables. When the explained variance (R2) is lower than 10 %, the 
equations are omitted. The relationship in such cases is either not strong 
enough, or cannot be described sufficiently by the simple equation. 
The static and dynamic coefficients of friction are the primary 
outcome measures. Skin temperature and skin hydration are secondary 
outcome measures. For all tests, statistical significance is set at  
α = 0.05. The p-values smaller than 0.05 indicate that there are significant 
differences or that there is a significant correlation between the variables. 
Table 8.3 The median, interquartile range and range for the measured variables.
µstatic µdynamic Hydration SkinTemp
AU °C
median 0.73 0.62 38.7 32.5
IQR 0.92 0.76 31.9 2.3
minimum 0.10 0.08 4 22.5
maximum 3.86 3.64 112 35.6
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8.3 results
Table 8.3 displays an overview of the results for coefficient of friction, 
hydration of the skin and skin temperature of all measurements.
For each variable assessed in this study, the effect on the dependent 
variables is calculated. The coefficient of friction is the primary outcome 
measure, and the skin temperature and the hydration level of the skin are 
secondary outcome measures. Nonparametric test methods have been 
used, because the data is not normally distributed (K-S p ≤ 0.04).  
Table 8.4 on p 168 displays the significant relationships between the 
variables and the outcome variables. 
8.3.1 The coefficient of friction as outcome measure
The static and dynamic coefficient of friction
There is a strong correlation between the static and dynamic coefficient 
of friction: rs = 0.95 (p < 0.001). This relationship is linear, with an R2 of 
0.97. The relationship can be described by the following equation: 
µdynamic  = 0.85 * µstatic
Figure 8.4 graphically displays the data points with the linear relationship. 
Hydration
The hydration has a significant effect 
on the coefficient of friction. The 
correlation coefficient is 0.51 (p < 
0.001) for µdynamic as well as µstatic. The 
relationship is best estimated with a 
quadratic function (R2 = 0.23): 
µdynamic = -0.12 + 2.6*10-2 * Hydration 
- 1.5*10-4 * (Hydration)2
µstatic = 2.9*10-2 + 2.4*10-2 * Hydration 
- 1.2*10-4 * (Hydration)2
 This quadratic equation indicates 
that there is a value for the hydration 
corresponding to a peak in the 
coefficient of friction. In the formula of 
the dynamic coefficient of friction, this 
Static coecient of friction
0.0           1.0                     2.0    3.0             4.0
4.0
3.0
2.0
1.0
0.0
Figure 8.4 The linear relationship between the static 
and dynamic coefficient of friction.
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peak corresponds to a hydration level of 88 AU. For the static coefficient 
of friction, this optimum corresponds to a hydration level of 100 AU. 
Skin temperature
There is a significant correlation between the coefficients of friction and 
the temperature of the skin (rs = -0.25; p= 0.004 for µdynamic and rs = -0.24; 
p = 0.005 for µstatic). The relationship between the variables can best be 
approximated with: 
µdynamic =   9.2 - 0.50 * SkinTemp + 7.4*10-2 * (SkinTemp)2 
µstatic = 13.2 - 0.75 * SkinTemp + 1.1*10-2 * (SkinTemp)2
The R2 values for these equations were 0.17 and 0.13 respectively.
Part of the body
The Kruskal-Wallis test for the three locations on the left upper extremity 
has shown that the coefficients of friction vary significantly with the 
anatomical location (p < 0.001).The coefficient of friction is highest for 
the pad of the index finger, whereas the dorsal forearm obtains the lowest 
coefficient of friction (Figure 8.5). 
Age and AgeCategory
The age dependent variables Age and 
AgeCategory are both tested for significant 
effects. A significant relationship is found 
between the subject’s age and the coefficient 
of friction (p = 0.02 and p = 0.01 for µstatic and 
µdynamic respectively). For both µdynamic and µstatic R2 
are smaller than 10 %. The positive correlation 
coefficients of 0.22 and 0.20 indicate that the 
coefficients of friction increase with increasing 
age. 
When the subjects are categorised into three 
groups based on their age (younger than 30,  
30 - 50, older than 50) the subject category 
older than 50 has significantly higher 
coefficients of friction (Table 8.5), when 
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Figure 8.5 The coefficients of friction for the 
three anatomical locations.
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compared to the other categories (p = 0.02 for both µdynamic and µstatic). 
The coefficient of friction for the youngest category is somewhat higher 
compared to the middle age category, although these differences are not 
significant.
Figure 8.6 shows that when the age differences in the coefficients of 
friction are compared for each body part separately, the differences for 
the ventral forearm and the index finger are not significant (p ≥ 0.12). For 
the dorsal forearm, the coefficients of friction for the older age category 
are significantly higher than for the other categories (p = 0.02 and p = 
0.007 for µdynamic and µstatic). 
There are some additional age dependent effects found in the data set. 
The first effect applies to the older category (the subjects older  
than 50). The subjects in this category 
who indicated that they eat fish show 
significantly higher coefficients of 
friction compared to those who do not 
eat fish (p < 0.001 for both µstatic and 
µdynamic). 
Furthermore, in the older age 
category, in subjects who indicated that 
they had not drunk sufficient beverages 
during the day of the measurements, 
there were significant differences in the 
coefficient of friction (p < 0.05). The 
coefficient of friction for the thirsty 
subjects is lower than that of people 
who had drunk sufficient beverages. 
This effect is predominantly observed at 
the pad of the index finger. 
Table 8.5 The coefficient of friction varies with the variable AgeCategory
all < 30 30-50 > 50
median (IQR) median (IQR) median (IQR) median (IQR)
µdynamic 0.62 (0.76) 0.51 (0.69) 0.31 (0.76) 0.92 (0.74)
µstatic 0.73 (0.92) 0.67 (0.89) 0.48 (0.95) 0.98 (0.69)
< 30   30-50  >50
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Figure 8.6 The coefficient of friction varies with age.
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Washing in the preceding hour
The subjects indicated whether they had washed the skin area of interest 
in the hour preceding the measurements, or treated the skin areas with 
skin care products. The analyses return a significant effect for this variable 
(p < 0.001), although these differences are predominantly caused by the 
differences in body location. The proportion of the index finger pad is 
high in the category where the area of skin has been washed in the hour 
preceding the test. In one of the previous sections, the index finger pad 
has already been associated with a higher coefficient of friction than the 
other assessed anatomical locations. When the analyses are performed 
again for just the anatomical location index finger, the differences for both 
dynamic and static coefficient of friction are no longer significant  
(p = 0.69 and p = 0.33 respectively).
The presence of hair on the skin
The presence of hair on the skin was assessed by the researcher that 
performed the measurements. The values ranged from 1 (no or very little 
hair on the skin sample of interest) to 5 (very hairy skin). The Kruskal-
Wallis test for the hair on the skin demonstrates significant differences 
between categories of the variable hair on the skin (p < 0.001 for both 
µdynamic and µstatic). The coefficient of friction for the Hair category 1 is 
higher than for other categories in this variable. 
Curve fitting regression analyses present a power relationship as 
the best fit line. This relationship explained 18 % of the variability for 
the dynamic coefficient of friction, and 16% for the static coefficient of 
friction.  
µdynamic = 0.98 * (Hair) -1.002
µstatic = 0.75 * (Hair) -0.814
It must be noted that the relationship between the coefficient of friction 
and the hair present on the surface of the skin is also related to the body 
location: the index finger pad, which has already been associated with 
higher coefficients of friction, is hairless. Nevertheless, the body location 
could not explain all variance in the relationship between the presence of 
hair and the coefficient of friction. 
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The subject’s height
The height of the subject is significantly correlated with both the dynamic 
and static coefficient of friction (rs = -0.25 (p = 0.004) and rs = -0.18  
(p = 0.039) respectively). A curve fitting model indicates that only a small 
part of the variation in the coefficient of friction can be described with 
a model (R2 = 0.05 for the dynamic coefficient of friction and R2 = 0.03 
for the static coefficient of friction), although the correlation coefficients 
indicate that increasing height is coupled to a decrease in the coefficient 
of friction.
The height of the subject is significantly correlated with the subject’s 
body mass (p < 0.001). Nevertheless, there is no significant relationship 
between the coefficient of friction and the BMI or BMI category. 
The environmental conditions temperature and humidity
The ambient temperature during the measurements also contributes to a 
change in the coefficient of friction measured at the skin. The correlation 
is significant (p < 0.001) and the correlation coefficient is 0.36 for µdynamic. 
The relationship between the ambient temperature and the coefficient of 
friction is linear as estimated by 
µdynamic = -6.77 + 0.31 * AmbTemp 
This relationship explains 11 % of the variance. The correlation between 
the static coefficient of friction and the ambient temperature is significant 
(rs = 0.34), although the R2 is smaller for the static coefficient of friction 
(R2 = 8 %).  
The relative humidity also has a significant effect on the coefficient of 
friction. The correlation is rs = 0.36 (p < 0.001) for the dynamic coefficient 
of friction and rs = 0.34 (p < 0.001) for the static coefficient of friction. The 
relationship cannot be sufficiently described with an equation (R2 < 0.10). 
8.3.2 Skin hydration as outcome measure
Skin temperature
The measured temperature of the skin is highly correlated with the skin 
hydration (rs = -0.27; p < 0.001). There is a linear relationship between the 
variables, which explains 21% of the variance between the variables. 
Hydration = 193.5 - 4.66 * SkinTemp 
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Part of the body
The hydration of the skin is significantly different between the anatomical 
locations (p < 0.001). The hydration levels for the index finger are higher 
than the ventral forearm while the dorsal forearm results in the lowest 
coefficients of friction (Table 8.6). 
Gender
There are no significant effects of gender at a level of confidence of 
95 %, although with a level of confidence to 90 % (α = 0.10), the effects 
of gender are significant (p = 0.09). For the two locations on the arm, 
the hydration level for women is higher than for men whereas for the 
index finger men have higher hydration levels. The gender differences in 
hydration are significant for the dorsal forearm (p < 0.001) but not for the 
other locations. 
Washing in the preceding hour
Significant differences are found for 
the variable Washing (p < 0.001). For 
the hydration of the skin, the same 
applies as for the effect of washing on 
the coefficient of friction: the effects 
can largely be ascribed to the large 
contribution of the anatomical location 
index finger pad, which has already 
been associated with higher hydration 
levels. There are no significant 
differences in skin hydration between 
the categories of Washing when 
comparing the hydration levels for just 
the index finger. 
Table 8.6 The hydration and temperature of the skin depend on the body location. 
all FAV FAD IFP
median (IQR) median (IQR) median (IQR) median (IQR)
Hydration 38.7 (31.9) 38.8 (15.6) 25.5 (15.4) 80.3 (36.6)
SkinTemp 32.5 (2.3) 32.8 (1.2) 33.0 (1.7) 30.3 (7.3)
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Figure 8.7 The differences in skin hydration between 
men and women, for all assessed anatomical locations.
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The presence of hair on the skin
The presence of hair on the skin has a significant influence on the 
hydration of the skin. Although the differences are partly influenced by 
the contribution of the high hydration levels for the hairless index finger, 
the hydration level of the skin decreases with increasing amounts of hair 
on the skin. This relationship can be described by a power function, with 
R2 = 0.48, in which the presence of hair is expressed in a numerical value 
according to Figure 2b:
Hydration = 51.3 * (Hair) -0.92
8.3.3 Skin temperature as outcome measure
Part of the body
The temperature of the skin varies significantly over the body parts  
(p = 0.004). The mid-dorsal forearm has the highest temperature, whereas 
the lowest temperatures are measured on the pad of the index finger 
(Table 8.7). 
Gender
The skin temperature is lower for women compared to men, when 
reviewing all data together. When the data is compared for each 
anatomical location, the differences are significant for the ventral and 
dorsal side of the forearm, but not for the index finger. This is caused by 
the large spread in the skin temperature measured on the index finger, 
which is demonstrated by the large IQR in Table 8.7. 
The body composition of the subject
There were significant correlations between the skin temperature and 
both the height and the weight of the subject (rs = 0.26; p = 0.002 for 
height; rs = 0.24; p = 0.004 for weight). Regression analyses provided 
linear relationships as the best options, although the R2 values were 
Table 8.7 The skin temperature is different for men and women.
all FAV FAD IFP
median (IQR) median (IQR) median (IQR) median (IQR)
men 33.0 (2.4) 33.1 (1.2) 33.1 (1.4) 30.9 (7.1)
women 32.1 (1.9) 32.5 (0.6) 32.0 (1.1) 29.3 (7.2)
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smaller than 10 %. The skin temperature increases with an increase in the 
weight and height of the subject. 
Physical fitness
The subjects indicated their physical fitness on a five point Likert scale, 
ranging from 1 corresponding to poor fitness through 5 indicating 
excellent fitness. 
Table 8.8 indicates that the skin temperature varies significantly between 
the categories of Fitness (p = 0.01). The subjects in category 3 have a lower 
skin temperature than those in category 4. The subjects in category 2 and 
5 have the highest skin temperature. 
Washing in the preceding hour
The temperature varies significantly in the categories of the variable 
Washing. It has already been explained in the sections on the other 
outcome variables that the condition applies mainly to the anatomical 
location of the index finger. The skin temperature on the index finger is 
significantly lower when the subject either washed the hands or treated 
them with skin care products within an hour before the measurements  
(p = 0.01). 
Table 8.8 The level of fitness influences the skin temperature.
2 3 4 5
 median (IQR) median (IQR) median (IQR) median (IQR)
SkinTemp 33.3 (2.3) 31.4 (1.9) 32.8 (2.1) 33.1 (2.4)
a None of the subjects indicated their physical fitness as being poor.
Table 8.9 The skin temperature varies with the time of the day.
all FAV FAD IFP
median (IQR) median (IQR) median (IQR) median (IQR)
late morning 32.2 (3.3) 32.5 (1.0) 32.3 (1.4) 27.1 (5.3)
early afternoon 33.1 (2.5) 33.1 (1.9) 33.1 (1.4) 30.3 (5.9)
late afternoon 32.6 (2.2) 32.8 (1.2) 32.6 (1.9) 32.2 (6.5)
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Time of the day
The effect of the time of the day on the temperature of the skin is 
significant (p = 0.020). The differences are predominantly caused by the 
temperature on the index finger pad (p = 0.007). Table 8.9 shows that 
the temperature was lowest in the late morning and highest in the early 
afternoon.  
Air humidity
A significant correlation is observed between the temperature of the 
skin and the air humidity (rs = 0.20; p = 0.017). The skin temperature 
increases when the relative air humidity increases, although the explained 
variance cannot be sufficiently described with a curve fitted model (linear 
equation, R2 = 0.08).
8.4 Discussion
In the construction of the questionnaire, the choice of variables is based 
on the literature. The variables that are admitted in the questionnaire 
have been associated with changes in the frictional properties or 
changes in the skin’s properties. The objective of the current study is 
to relate these variables to the coefficients of friction, skin hydration 
and skin temperature. The results are based on almost 500 skin friction 
measurements at in vivo human skin. 
The range in the results is large: the total range in the coefficients of 
friction is 0.05 - 3.6 and 0.07 - 3.9 for µdynamic and  µstatic respectively, the 
hydration varies between 4 AU and 112 AU, and the skin temperature 
between 22.5 °C and 35.6 °C.
In the literature, the variation is often attributed to the use of different 
measuring equipment and variations in methods, and is regarded as a 
problems as far as accuracy is concerned. Researchers try to avoid this 
variability by cleaning the skin with chemicals, such as ether and alcohol. 
The effect of skin hydration is often simulated, by artificially increasing 
hydration by applying water to the surface of the skin.
In the current study, only one measuring device is used, all 
measurements are executed by the same researcher and the same 
procedure is followed for the measurements of different subjects. In this 
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study, the variability in measurement results is not regarded as a problem, 
but rather treated as the inevitable result of interpersonal variety. 
Statistical analyses are used to determine the probability whether the 
difference between the variables is caused by the influential variable or by 
chance alone. For such an analysis, a large set of data is essential, because 
with small data sets, the actual effect of variables on the coefficient of 
friction cannot be determined with sufficient confidence. 
The analyses serve the purpose of identifying the relationships 
between the potential influential variables and the outcome measures: the 
coefficients of friction, the hydration of the skin and the skin temperature. 
The mutual relationships between the outcome variables
The current study finds a linear relationship between the dynamic and 
static coefficient of friction. For almost all measurements µdynamic is 
smaller than  µstatic. The multiplication factor of 0.85 was also obtained by 
the authors in a previous study,44 with friction measurements between 
skin and a range of materials under a variety of loads and velocities. 
They reported that µdynamic was a factor of 0.85 smaller than µstatic, which 
compares to the factor in the current study. This factor was obtained 
between the skin at the upper extremity and various materials, with loads 
ranging from 0.5 - 2 N and relative velocities ranging from 1 - 10 mm/s.
The hydration of the skin affected both µdynamic and  µstatic. The 
percentage of the variability that is explained by the quadratic relationship 
(23 %) is lower than expected. The Corneometer value gives an indication 
of the hydration of the stratum corneum. The stratum corneum is the 
outermost layer of the skin, which is in contact with the contact material 
in skin friction measurements. In the literature, this layer is regarded as 
the most important layer in skin friction.31,45,46 Therefore, the effect of 
hydration on skin friction was expected to be more pronounced. 
In the current study, an increase in hydration corresponds to an 
increase in coefficient of friction, until a maximum in skin friction 
is reached and from that point there is a decrease in the coefficient 
of friction with increasing hydration levels. The majority of the 
studies found that the coefficient of friction increased with increasing 
hydration.12,27-29,39,43 However, it must be noted that in most studies the 
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hydration of the skin was artificially increased by applying water to 
the skin or by soaking the skin in water for a certain period of time. 
Tomlinson et al.27 have also reported an optimum in the relationship 
between the coefficient of friction and the natural hydration of the skin. 
The peak in the coefficient of friction was obtained at a comparable 
hydration level as found in the current study (approximately 100 AU, as 
measured with a Corneometer).
The relationship between the coefficients of friction and the skin 
temperature can be described by a quadratic equation as well. The 
coefficient of friction decreased with increasing skin temperature. Elleuch 
et al.21 reported that the adhesion between the skin and contact material 
is influenced by the temperature of the skin, although the nature of the 
contribution is unknown. 
Skin temperature as outcome variable
There were some variables that only significantly affected the temperature 
of the skin but not the coefficient of friction or the hydration of the 
skin. Those variables were gender, body mass, fitness and time of the 
day. The effects that most of these variables have on temperature are 
expected based on the physiological properties: the temperature of the 
skin depends on the body’s core temperature.47 The temperatures are 
susceptible to circadian rhythms: the temperature of the body and of the 
skin changes over the day. The temperature of the body is an equilibrium 
between the heat generated by the body and the amount of heat 
dissipated, for example through the skin. Variables such as fitness and 
body weight affect the physiological processes in an individual, which can 
result in a shift in the heat balance.12-14,47
Influential variables for skin friction, hydration and temperature
Large variations were found between the coefficients of friction for the 
three anatomical locations. The coefficient of friction obtained on the pad 
of the index finger was generally higher than the friction on the locations 
on the forearm. In the literature, the anatomical location is held to be an 
important variable for skin friction.9-11,20,24,30,31,35,43 Even on a location such 
as the ventral forearm, there are differences in skin properties and friction 
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between the proximal and distal aspect.30 The significant results for the 
variables Washing and Hair could be largely ascribed to the distribution 
of the body parts over the categories of the Washing or Hair variables. 
For example, there was no significant effect of washing the skin in the 
preceding hour when the coefficients of friction for just the index finger 
were compared.  
The variable height was significant, although the variability 
explained with the relationships was very low. In the literature, the body 
composition, or height has not often been associated with the frictional 
properties of the skin.33 It is unclear whether these effects have not been 
examined or were not present in other studies. 
Between the age of the subject and the coefficients of friction, 
significant correlations were found, although the relationships found were 
not strong enough to explain more than 10 % of the variance between 
the variables. The division in age categories shows that the coefficient 
of friction is lowest for the 30 - 50 year old category. In skin friction 
literature, there is no consensus on the effect of age on the coefficient 
of friction: some studies find a relationship,7-11,38 while others find no 
significant differences.30,35-37 The mechanisms by which the age of the 
subject would influence the coefficient of friction remain unclear from 
the literature. It is widely believed that age affects the skin in many ways, 
for example the skin layer thickness, the cell development, anisotropic 
behaviour and strength.1-7,11-16,31,37,38,42 All these variables consecutively 
can influence the tribology of skin. The low value of R2 of the curve fitted 
model indicates that the effects cannot be described sufficiently using the 
age of the subject as the main variable. 
The environmental conditions in which the measurements were 
executed significantly influenced the coefficient of friction. The ambient 
temperature and relative air humidity were not controlled in the rooms 
in which the measurements were executed. Therefore, the ambient 
temperature and relative air humidity varied and data were registered for 
each measurement. There was a linear relationship between the coefficient 
of friction and the ambient temperature. In the literature, the ambient 
temperature is mentioned as influencing the frictional behaviour of 
skin10,20-22 as well as the skin’s properties.3,4,12-14,38,47,48
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The air humidity has also been associated with skin friction20-23,25 and 
with the skin’s properties.13,28,43,49 High levels of relative air humidity have 
been associated with the accumulation of water in the stratum corneum. 
However this effect has only been observed at values for the air humidity 
over 70 %.30,48-50 The maximum value for the air humidity in the present 
study was 59 %. The obvious conclusion is that the environmental 
conditions constitute the environment in which the measurement 
takes place. However, as the skin is a living material, the influence of 
the environmental conditions can lead beyond this environment. For 
example, take the following extremely theoretical statement: it is possible 
that an increase in the ambient temperature leads to increased sweat 
production.3,12 The acid sweat increases the pH of the skin,51 which in 
turn affects the coefficient of friction.26 The exact mechanisms of how 
skin characteristics change the frictional behaviour of the skin remain 
unknown and are outside the scope of this paper. Nevertheless, the 
significant contribution of environmental temperature and air humidity 
may well warrant more extensive research. Moreover, the next progressive 
step towards the prevention of friction related skin injuries could be 
the determination of the mechanisms by which the important variables 
influence the frictional behaviour of the living human skin. 
8.5 conclusions
In this study, skin friction, skin temperature and the hydration of the skin 
are related to variables on the human skin, subject characteristics and 
environmental conditions. 
Significant differences in the coefficient of friction were found for 
the anatomical location. Furthermore, the coefficient of friction tends 
to increase with increasing age, increasing ambient temperature and 
increasing relative air humidity, whereas the friction decreases with 
increasing amounts of hair on the skin and with the subject’s height. 
There were also differences in the skin hydration when measured 
on different body locations. Both the coefficient of friction and skin 
hydration were higher at the pad of the index finger. The skin hydration 
decreased with increasing skin temperatures and increasing amounts 
of hair on the skin. The hydration was dependent on gender. For the 
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temperature of the skin, significant differences were found as regards 
gender, body mass, fitness and time of the day. 
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Table 8.1 Variables assessed with their hypothesised contribution.
Variables in the questionnaire
Age The age of the subject is expressed in years. In the literature, 
there is no consensus on the contribution of age to the frictional 
properties,7-11,35-38 but the influence on the skin’s properties has 
been widely accepted,1-7,12,14,38 for example that the skin relief 
increases with increasing age.5-7,31,37
Gender Most tribological studies on skin demonstrated that there 
are no significant gender differences for the coefficient of 
friction.28,30,35-39 There are some gender differences for skin 
properties4,5,11,1,39 such as elasticity.40
Height The subject’s height (in cm) has been associated with the 
coefficient of friction33 in the form of body composition. The 
subject’s height is also used for the calculation of the body mass 
index of the subject. 
Body mass The weight of the subject is expressed in kg. Body weight has 
been related to skin thickness,13-15,41 and skin tension.42 The 
subject’s body weight is used for the calculation of the body 
mass index of the subject.
Skin treatment Subjects indicated whether they washed their hands or used 
skin care products in the preceding hour. These skin treatments 
temporarily change the friction measured on the human skin.7-
12,27-31,36,39,43 
Physical fitness The subjects indicated their physical fitness on a 5-point 
Likert scale. Physical fitness influences the skin properties by 
modulations in evaporation13,14,17 and blood supply.15
Eating and 
drinking
Subjects indicated whether they ate some meat or fish, or drank 
any alcoholic beverages in the week before the measurements. 
In the literature, these are indicated as influential variables for 
the skin properties.12-16 For example, the skin would benefit 
from eating fish but not from eating meat.16 
noris
ectomorph           mesomorph           endomorph
1   2    3    4   5
Hair on the skin
1               2          3                        4          5
(b)(a)
Figure 8.2 Images helped to categorise the body type (a) and the amount of hair on the skin (b).
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Fluid intake The subjects indicated whether they drank sufficient beverages 
on the day of the measurements. The skin properties change 
when people are thirsty.1,12,15
Variables assessed by the researcher
Skin colour The skin colour was given a score by the researcher. The skin 
colour ranges from 1 to 3, in which 1 is light skin and 3 is dark 
skin. The skin colour is an indicator for the composition and 
cell development of the skin.15-18
Body type The body type was assessed for each subject. Number 
1 corresponded to the ectomorph somatotype, 3 to the 
mesomorph and 5 to the endomorph (Figure 8.2a). In the 
literature, body type has associated with the coefficient of 
friction.33 In endomorph people, the contribution of the 
fatty subcutis is relatively large, whereas in mesomorph or 
ectomorph people underlying tissues such as muscles and 
bones, respectively, are more important.
Presence of hair The amount of hair that was present on the skin area of interest 
was indicated for each anatomical location (Figure 8.2b). The 
amount of hair was given a score on a five point scale, in which 
1 indicated no to very little hair on the skin and 5 corresponded 
to very hairy skin. In the literature, no studies have been found 
that report on the effects of the presence of hair on the skin’s 
properties, but in general, hair is assumed to influence skin 
friction albeit as an unwelcome disturbance. 
Time of the day The day was divided into five periods. The skin properties 
depend on the time of the day.13-17 The researcher indicat ed 
when the measurements took place: in the early morning (7-
10hr), late morning (10-12.30 hr), early (12.30-15 hr) or late 
afternoon (15-18 hr), or evening (18-22 hr).
Calculated variables
Body mass index The body mass index (BMI) can be used as an indication for the 
subject’s body composition. In the literature, this is associated 
with the skin’s properties.12-15,33
BMIcategory Based on their BMI, subjects were categorised in four 
categories: underweight (<18.5), normal (18.5-25), overweight 
(25-30) and obese (>30).
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Table 8.2 Characteristics of the subjects
Number 50
male
female
34
16
Age
median
interquartile range
range
28
26
1 - 82
years
years
years
Height
median
interquartile range
range
180
17
89 - 199
cm
cm
cm
Weight
median
interquartile range
range
76
22
13 - 128
kg
kg
kg
BMI
median
interquartile range
range
23.8
4.3
16.4 - 36.6
kg/m2
kg/m2
kg/m2
BMI category
underweight
normal
overweight
obese
3
31
15
1
Skin colour
light
medium
dark
41
8
1
Physical fitness
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Table 8.4 The significant relationships between assessed and outcome variables. 
µdynamic µstatic Hydration SkinTemp
Variable Test p-value p-value p-value p-value
Measured variables
µstatic rs 0.000** -
Hydration rs 0.000** 0.000** -
SkinTemp rs 0.000** 0.005** 0.001** -
Measurement variables
Part of the body K-W 0.000** 0.000** 0.000** 0.004**
TimeOfDay K-W - - - 0.020*
AmbTemp rs 0.000** 0.000** - -
AirHumidity rs 0.005** 0.036* - 0.017*
Subject variables
Age rs 0.011* 0.022* - -
AgeCategory K-W 0.002** 0.015* - -
Gender M-W - - - 0.006**
Height rs 0.004** 0.039* - 0.006**
BodyMass rs - - - 0.012*
BMI rs - - - -
BMIcategory K-W - - - -
BodyType K-W - - - -
SkinColour K-W - - - -
Fitness K-W - - - 0.010**
EatingMeat M-W - - - -
EatingFish M-W - - - -
DrinkAlcohol M-W - - - -
FluidIntake M-W - - - -
Skin variables
Washing K-W 0.000** 0.000** 0.000** 0.005**
Hair K-W 0.000** 0.000** 0.000** -
*  Significant at the 0.05 level.
** Significant at the 0.01 level.
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9CHAPTE
R
A multivariable model for predicting the 
frictional behaviour and hydration of the 
human skin
9.1 introDuction
Skin friction is a research area in which the friction in the interaction 
between in vivo human skin and another material is studied. Skin friction 
is a variable that depends on the tribological system consisting of the 
human skin, a material that is in interaction with the skin, the contact 
situation between the materials and the environment in which the 
interaction takes place. This indicates that it is influenced by a large range 
of variables. 
In many studies, the objective is to identify relationships between 
variables. Most studies determine the effect of one or several independent 
variables on a dependent variable. For example, the thickness of the 
human skin, a dependent variable, depends on independent variables 
such as “age”, “anatomical site” and “sun exposure”.1-6 
There are several common ways to identify such relationships. An 
often used technique is to assess the effect of the variables each at a time, 
while maintaining all other variables constant. In skin friction research 
this is not always possible, for example when determining the effect of 
gender on skin friction, the skin friction data of a man and a woman 
have to be compared. But when measuring two separate individuals, a lot 
more variables will influence the measured skin friction, such age, height, 
body mass, eating and drinking habits, sweat production and sebum 
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secretion, even when measuring on the same anatomical site, in the same 
environment and with equal measurement conditions.3-25 
In order to identify the influential variables for skin friction, statistical 
analysis can be a useful alternative. A prerequisite of statistical analysis 
is a large data set, consisting of both skin friction measurements and 
well-defined information about variables such as age, gender and body 
composition. When statistical analyses are based on this kind of large 
data set, the influence of the variables can be assessed by comparing the 
data. Moreover, the influence of the variables can be expressed though the 
probability that the difference in results can be attributed to that certain 
variable, rather than being caused by chance. 
Skin friction has been associated with a large variety of variables.6-58 
These variables can be categorised into:
- subject characteristics, e.g. age, gender;
- variables dependent on the skin sample, e.g. anatomical site, 
sweat production;
- properties of the contact material, e.g. type of material, surface 
topography;
- contact parameters of the interaction, e.g. normal load, relative 
velocity;
- environmental conditions, e.g. ambient temperature, relative 
humidity.
The emphasis in skin friction literature is on the identification of 
variables that influence skin friction. Variables that are often studied 
to influence the frictional behaviour of the skin include the influence 
of water on the skin surface and the relative air humidity of the 
environment. These studies all focus on identifying the influence of 
one variable at a time, although in fact, the friction is influenced by all 
variables at the same time. Usually, univariable tests are used to identify 
the relationship between skin friction and one other variable. In research 
areas such as skin friction, in which many variables influence the 
dependent variable simultaneously, the use of multivariable modelling 
techniques to assess the combined influence of important variables is 
preferable to univariable analyses. 
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The objective in the current study is to demonstrate that a range 
of variables influence the skin friction simultaneously. Therefore, 
the multivariable character should be acknowledged and it is more 
appropriate to review and assess the simultaneous influence of all 
variables. By doing this, a multivariable model can be developed to 
predict skin friction based on the most important variables. This paper 
presents such multivariable models for the static and dynamic coefficient 
of friction and the skin hydration.
9.2 methoDs
9.2.1 Data set
This study uses a database with measured skin friction data. The 
data were obtained in the summer of 2012 in the Netherlands. The 
database consists of 634 skin friction measurements, obtained from 
fifty-one healthy volunteers (35 men; 16 women; median (interquartile 
range) age 28 (24) years). Besides the skin friction measurements, the 
temperature and hydration of the skin area of interest were measured. The 
measurements were executed on five anatomical locations: 
- the mid-ventral aspect of the forearm (FAV); 
- the mid-dorsal aspect of the forearm (FAD); 
- the palmar aspect of the distal phalanx of the index finger, also 
referred to as index finger pad (IFP); 
- the middle of the dorsum of the hand (HD); 
- the skin over the pterion, also referred to as the temple (TEM). 
The skin friction measurements were executed with the Revolt 
SkinTribometer.17,21 Before starting the measurements, the normal load 
and relative velocity were pre-set on a value in the range of 0.5 - 2 N and 
1 - 10 mm/s respectively.  One of four materials was used as a contact 
material for the measurements. The selected materials were stainless 
steel (SST), aluminium 6063 (AL), low density polyethylene (PE) and 
polytetrafluorethylene (PTFE). Table 9.1 gives an overview of the material 
parameters of the samples, in which Ra is a measure for the surface 
roughness of the materials and γ the effective surface energy of the 
material.59 All samples were cylinders with a length of 10 mm and a 20 
mm diameter. The edge of the cylinders was rounded with a 1 mm radius. 
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The hydration of the outermost 10 µm of the skin was measured with 
a Corneometer (CM825; Courage + Khazaka Electronic GmbH, Cologne, 
Germany), using capacitance as an indicator for the skin hydration, 
expressed in arbitrary units (AU). 
The temperature of the skin was measured with a household fever 
thermometer. The thermometer measured the temperature of the skin 
with infrared. For these two skin variables, each measurement condition 
was repeated three times and the average of the three trials was used for 
further analysis.
The environmental conditions were expressed in terms of 
relative humidity and ambient temperature of the room in which the 
measurements took place. 
The participants completed a single questionnaire in which they 
provided information on demographic and anthropometric variables, 
eating and drinking habits and any treatments of their skin during 
the preceding hour. The researcher additionally completed a short 
questionnaire for each measurement about the presence of hair, body type 
of the subject, the contact parameters, and the environmental conditions. 
The variables are listed in Table 9.2. 
In order to avoid inter-researcher variation in the answers to the 
questions on these variables and in the measurement results, one 
researcher executed all measurements. 
9.2.2 Definitions
The tribological behaviour of the skin is usually expressed by the 
coefficient of friction. The coefficient of friction (µ) is calculated as 
the ratio of the friction force over the normal load. The normal load 
Table 9.1 Characteristics of the cylindrical samples used.
Sample Type Ra γ
µm mN/m
Stainless steel DIN1.4406 
(AISI 316 LN)
0.57 64
Aluminium AL 6063 0.45 59
Polyethylene LDPE 4.27 18
Polytetrafluorethylene 6.39 31
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and friction force are expressed in N, and the coefficient of friction is 
dimensionless. 
 Equation 9.1:  µ = Ffriction / Fnormal
A distinction is made between the static and dynamic coefficient of 
friction. The static coefficient of friction is calculated with the friction 
force that is required to initiate the movement between the skin and 
contact cylinder at a certain normal load, while the dynamic coefficient 
of friction is calculated with the friction force that is needed to retain the 
movement once initiated. 
In this study, the static coefficient of friction (µstatic) is defined as the 
ratio between the peak value in the friction force during the first second 
after movement is initiated and the normal load. In the cases in which no 
peak is visible, the µstatic and µdynamic are assumed equal.
In general, the friction force stabilised within 5 seconds after the 
peak of the static friction. The dynamic coefficient of friction (µdynamic) is 
defined as the ratio of this stabilised value in the friction force and the 
normal force.
Table 9.2 The potential influential variables on the measured skin parameters.
Subject characteristics Measurement variables
Demographic variables Measurement parameters
Age Normal load
Gender Relative velocity
Skin colour Contact material
Anthropometric characteristics Surface energy of the contact material
Height Surface roughness of the contact material
Body mass Time of day
Body mass index Characteristics of the skin sample
Body mass index category Anatomical location
Body type Skin treatment
Physical fitness Hair on the skin
Eating habits Environment
Eating Fish Ambient temperature 
Eating Meat Relative humidity
Alcohol Measured variables
Fluid intake Coefficient of friction
Skin hydration
Skin temperature
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9.2.3 Statistical analyses
The data set is analysed with the use of statistical test methods. In 
this study the primary outcome measures are the static and dynamic 
coefficient of friction. The secondary outcome measure is the skin 
hydration. 
The first step in the analysis is to determine the predictive power of 
each potential influential variable using univariable regression analyses. 
The p-value of the ANOVA’s F test is used as a selection criterion: 
only those variables with p-values smaller than 0.20 are entered in the 
multivariable regression analyses. The categorical variables are recoded 
into dichotomous variables before they are analysed with the univariable 
regression tests. 
The multivariable model is created with a stepwise selection 
(backward elimination, likelihood ratio test; pentry < 0.05 and  
premoval > 0.10). In the final model, only those variables with p-values less 
than 0.05 for β are included. This indicates that the level of confidence 
for the final models is 95 %. Separate models are created for the three 
outcome measures. The results of the predictive models are presented as 
beta coefficients (β), 95 % confidence intervals (95%CI) and p-values. The 
general formula describing the relation between the dependent variable Y 
and independent variables X is:
Equation 9.2: Y = Constant + β1 X1 + β2 X2 + ... βn Xn
The predictive power of the model is indicated with the R2 of the 
model, which is a measure for the explained variance with the model. 
9.3 results 
9.3.1 Selection with univariable analyses
In order to increase the reliability of the model, the variables entered into 
the multivariable analysis are selected with univariable analyses. When 
entering a large number of variables that do not have any relationship 
with the dependent variable, there is a possibility of obtaining an 
unreliable model. Therefore, those variables with some relationship with 
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p-values smaller than 0.20 on the univariable regression analyses for 
the dependent variable dynamic coefficient of friction are selected and 
presented in Table 9.3 on p 189. For the static coefficient of friction and 
skin hydration, the results are presented in Tables 9.4 and 9.5 on pp 190- 
191 respectively. 
In the tables, the second column (in parentheses) indicates the unit 
of the variable for the continuous variables, whereas for the dichotomous 
variables the reference category is given. For example, the variable 
Anatomical Location (FAD): a value of 1 indicates that the anatomical 
location is the dorsal forearm, and a value of 0 indicates that another 
anatomical location than the dorsal forearm is used. The variable skin 
colour is an ordinal variable, ranging from 0 to 2, in which 0 indicates a 
light skin and 2 a darker skin. The hair on the skin is an ordinal variable 
as well and ranges from 0 (no hair) to 5 (very hairy). 
9.3.2 Multivariable models
Separate multivariable regression models are constructed for the three 
dependent variables: dynamic coefficient of friction, static coefficient of 
friction and skin hydration. 
The results of the final multivariable model for the dynamic coefficient 
of friction are presented in Table 9.6. The input in the regression analyses 
is the variables that were listed in Table 9.3, and in the final model only 
eight variables significantly contribute to the model. The explained 
Table 9.6 Multivariable model for the dynamic coefficient of friction.
Variable β p-value 95%CI
Constant -4.277 0.001 -6.795 - -1.759
Skin temperature (°C) -0.042 0.002 -0.069 - -0.016
Age (years) 0.006 0.007 0.002 - 0.010
Height (cm) -0.007 0.002 -0.011 - -0.003
Anatomical location (IFP) 0.304 0.000 0.149 - 0.460
(TEM) -0.203 0.006 -0.346 - -0.059
Surface roughness (µm) -0.003 0.001 -0.005 - -0.001
Surface energy (mN/m) 0.052 0.000 0.025 - 0.079
Ambient temperature (°C) 0.250 0.000 0.155 - 0.346
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Table 9.7 Multivariable model for the static coefficient of friction.
Variable β p-value 95%CI
Constant -3.652 0.009 -6.393 - -0.911
Skin hydration (AU) 0.004 0.043 0.000 - 0.008
Skin temperature (°C) -0.035 0.021 -0.064 - -0.005
Age (years) 0.006 0.010 0.001 - 0.010
Height (cm) -0.008 0.002 -0.012 - -0.003
Anatomical location (IFP) 0.289 0.005 0.086 - 0.492
Surface roughness (µm) -0.004 0.000 -0.007 - -0.002
Surface energy (mN/m) 0.067 0.000 0.037 - 0.097
Ambient temperature (°C) 0.206 0.000 0.102 - 0.311
variance of the model is 46 %. The dynamic coefficient decreases 
with increasing skin temperature. The age of the subject increases the 
coefficient of friction, whereas taller subjects obtain lower coefficients 
of friction. The friction on the index finger is higher, and on the temple 
lower when compared to the locations on the forearm and the dorsum 
of the hand. The coefficient of friction is lower for the rougher materials, 
whereas the coefficient of friction increases with increasing surface 
energy. An increasing ambient temperature leads to higher coefficients of 
friction. 
The multivariable model for the static coefficient of friction is 
summarised in Table 9.7. This final model explains 47 % of the variance in 
the static coefficient of friction. The static coefficient of friction increases 
with increasing skin hydration, subject age and ambient temperature. 
Increases in the skin temperature and in the subject’s height correspond 
to a decrease in the coefficient of friction. A lower µstatic is obtained for the 
rougher materials, and the static coefficient of friction increases with an 
increasing surface energy. The static coefficient of friction is higher on the 
pad of the index finger than on the other anatomical locations. 
The final multivariable model for the skin hydration (Table 9.8) 
explains 62 % of the variance of the skin hydration. The hydration 
increases somewhat with relative humidity, and decreases with increasing 
skin temperature. However, the hydration of the skin seems to be 
primarily influenced by the anatomical location and the presence of hair 
on the skin.
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9.4 Discussion
9.4.1 Predictive model for the coefficient of friction
The models for the static and dynamic coefficient of friction show great 
resemblance. This can also be explained by the strong correlation between 
these variables. There is a linear relationship between the coefficients 
of friction with R2 = 0.96. The dynamic coefficient of friction is a factor 
0.82 smaller than the static coefficient of friction. This value compares to 
the value obtained by Veijgen et al.17 of 0.85, which was obtained from 
the skin of the forearm and index finger in contact with the aluminium 
sample at a normal load of 1.2 N. 
It is remarkable that the normal load is not included as a variable in 
the final models for both the static and dynamic coefficient of friction. 
On the univariable test, the relationship between the normal load and 
both coefficients of friction is significant (p < 0.001). However, the 
multivariable analyses show that the normal load does not significantly 
contribute. In the literature, several studies report on the effect of normal 
load on the coefficient of friction,22-41,55 and most found that increasing 
normal loads correspond to a decrease in coefficient of friction.25-34 
However, this effect has been typically observed over a larger range of 
normal loads, which can explain why the normal load in the range of  
0.5 - 2 N, as used in the current study, does not significantly contribute to 
the final multivariable model. 
The model includes the skin temperature as an influential variable for 
skin friction. The higher the skin temperature, the lower the coefficient 
Table 9.8: Multivariable model for the skin hydration.
Variable β p-value 95%CI
Constant 88.986 0.000 56.976 - 120.995
Skin temperature (°C) -1.633 0.002 2.643 - -0.622
Anatomical location (IFP) 22.993 0.000 17.055 - 28.930
(HD) -16.983 0.001 26.764 - -7.202
(TEM) -8.634 0.008 -14.992 - -2.276
Hair on the skin -7.146 0.000 -10.556 - -3.737
Relative humidity (%) 0.308 0.015 0.060 - 0.557
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friction obtained. There are only two studies found17,23 that describe a 
relationship between the skin temperature and the coefficient of friction. 
In those studies, the same relationship of decreasing coefficients of 
friction with increasing skin temperatures have been found. The studies 
that describe skin friction in relation to the hydration of the skin are 
more numerous,8-11,14-16,25,53,55 and the coefficient of friction is reported to 
increase with increasing hydration,9-11,25,53-55 which resembles the results in 
the current study, as indicated by the positive value of β.
In the literature,13-19,41,42,55-57 there is no consensus about the 
contribution of age on the frictional behaviour of in vivo human skin. 
The final models for both the static and dynamic coefficient of friction 
indicate that the coefficient of friction obtained from older subjects was 
higher than for younger subjects. 
The anatomical location has been associated with skin friction in the 
literature. The multivariable model found higher coefficients of friction 
for the pad of the index finger. This resembles the conclusions of Uygur 
et al.,20 who found that the areas of the skin that were specialised for 
grasping, such as the pad of the index finger, lead to higher coefficients of 
friction. 
The final models for both coefficients of friction indicate that the 
differences between the materials can be explained by the differences 
in the surface roughness and the surface energy of the samples. These 
two variables are included in the final models. This is supported by the 
literature. PTFE has a low surface energy and has been associated with 
lower coefficients of friction when measured in interaction with the 
human skin.51,60 In the literature, rougher materials have been associated 
with lower coefficients of friction.11-13,23-26,39,52,53 
9.4.2 Predictive model for the skin variable hydration 
The final model for the skin hydration indicates that the skin hydration is 
influenced by the skin temperature. 
The final model for the skin hydration includes the anatomical 
location as an important influential variable. The hydration on the pad of 
the index finger is higher, whereas the dorsum of the hand and the temple 
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correspond to lower hydration levels when compared to the locations on 
the forearm. 
The presence of hair was inversely related to the hydration of the 
skin: the more hair that was present on the skin, the lower the measured 
hydration. This is probably at least partly due to the disturbance of the 
hair. However, this could be caused by the hair on the skin disturbing 
the actual Corneometer measurements. Another reason for the lower 
hydration for the more hairy skin can be found in the anatomical 
location: the palmar skin on the distal phalanx is hairless for all people, 
and this anatomical location has already been demonstrated as an 
influential variable.  
The hydration of the skin has been associated with the relative air 
humidity of the subject’s environment.4,11,53,61 In the literature,41,60-62 high 
relative humidity (over 70 %) has been related to higher hydration levels 
and areas of water accumulation embedded in the skin. The results of 
the multivariable model indicates that even at lower relative humidity in 
normal rooms, without climate control, in the Netherlands (median 52 %; 
range 32 - 59 %) the skin hydration is influenced by the air humidity. 
9.4.3 Methodological considerations
The developed multivariable predictive models are based on linear 
relationships between the variables. Previous studies have indicated 
that the relationships are not always linear. For example, a power-law 
relationship has been suggested between the normal load and the 
coefficient of friction,16,17,25-33 and  a second order polynomial relationship 
between the skin hydration and the coefficient of friction.10,17 
The final models apply to the data set used in the study, and 
consequently for the measurement range of the variables. The 
applicability of the results at extrapolated conditions, for example higher 
normal loads, has not yet been confirmed.
The data in the data set does not follow the requirements of a normal 
distribution. Nevertheless, the statistical analyses used were sufficiently 
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robust to produce reliable models, as demonstrated by the normal 
distribution of the residuals. 
9.5 conclusions
Predictive models have been derived for the static and dynamic 
coefficient of friction using a multivariable approach. These models can 
be described as:
µdynamic = - 4.27 - 0.042 * Tskin + 0.006 * Age - 0.007 * Height  + 0.30 * IFP 
- 0.20 * TEM - 0.003 * Ra + 0.052 * γ + 0.25 * Tambient   
µstatic = - 3.65 + 0.004 * Hydration - 0.035 * Tskin + 0.006 * Age  
- 0.008 * Height + 0.29 * IFP - 0.004 * Ra + 0.07 * γ + 0.21 * Tambient 
The hydration of the skin turned out not to be particularly independent, 
as this variable can be calculated with a multivariable model as well. 
Hydration = 88.99 - 1.6 * Tskin + 22.99 * IFP - 16.98 HD - 8.63 * TEM  
- 7.15 * Hair + 0.31 * RelativeHumidity   
The multivariable models in this study can be used to describe the 
data set that was the basis for this study. Care should be taken when 
generalising these results and the boundaries of applicability have to be 
determined.
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Table 9.3 Results for the univariable regression analyses for µdynamic.
Variable β p-value
Measured skin variables
Skin hydration (AU) 0.010 0.000
Skin temperature (°C) -0.049 0.000
Demographic variables
Age (years) 0.008 0.002
Skin colour -0.109 0.117
Anthropometric variables
Height (cm) -0.004 0.133
Measurement parameters
Normal load (N) -0.800 0.000
Surface roughness (µm) -0.086 0.000
Surface energy (mN/m) 0.004 0.000
Time of day (evening) -0.457 0.012
Characteristics of the skin sample
Anatomical location (FAD) -0.335 0.000
(IFP) 0.423 0.000
(HD) -0.368 0.015
(TEM) -0.335 0.000
Skin treatment (yes) 0.402 0.000
Hair on the skin -0.202 0.000
Environmental variables
Ambient temperature (°C) 0.134 0.000
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Table 9.4 Results for the univariable regression analyses for µstatic.
Variable β p-value
Measured skin variables
Skin hydration (AU) 0.011 0.000
Skin temperature (°C) -0.056 0.000
Demographic variables
Age (years) 0.007 0.009
Anthropometric variables
Height (cm) -0.005 0.108
Measurement parameters
Normal load (N) -0.898 0.000
Surface roughness (µm) -0.065 0.002
Surface energy (mN/m) 0.004 0.000
Time of day (evening) -0.415 0.036
Characteristics of the skin sample
Anatomical location (FAD) -0.387 0.000
(IFP) 0.495 0.000
(HD) -0.395 0.012
(TEM) -0.387 0.000
Skin treatment (yes) 0.451 0.000
Hair on the skin -0.228 0.000
Environmental variables
Ambient temperature (°C) 0.107 0.002
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Table 9.5 Results for the univariable regression analyses for skin hydration.
Variable β p-value
Measured skin variables
Skin temperature (°C) -4.073 0.000
Anthropometric variables
BMI category (obese) -20.103 0.150
Characteristics of the skin sample
Anatomical location (FAD) -25.456 0.000
(IFP) 36.754 0.000
(HD) -20.952 0.005
(TEM) -25.456 0.000
Skin treatment (yes) 28.705 0.000
Hair on the skin -14.772 0.000
Environmental variables
Relative humidity (%) 0.286 0.125
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10.1 introDuction
Skin friction has been an object of study for almost 60 years. Skin friction 
involves the friction between the living human skin and another material. 
Many skin friction studies have aimed at determining which variables 
influence this frictional behaviour. Skin friction is not only interesting for 
researchers, but for its practical application as well: product developers 
could benefit from skin friction knowledge. 
Consumers use a large diversity of products on a daily basis and they 
interact in different ways with these products. The friction between the 
skin and the surface of the product is important in such interactions. The 
following are examples of skin friction in product situations: the grip of a 
tennis racket, the specialised tiles in the bathroom that prevent the floor 
from getting slippery, and a pen that does not slip from the fingers while 
writing. 
The objective of this paper is to demonstrate how knowledge on skin 
friction can be valuable for a product developer, and to illustrate how 
insight into skin friction can lead on the one side to new or specialised 
products, or on the other side can used to help improve products. 
10.2 skin as a liVing material
The human skin is in interaction with the product’s surface. With 
variables from materials science, it is possible to describe the product’s 
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surface accurately and unambiguously, in terms of the type of material, 
the surface roughness and the surface profile. Nevertheless, a well-
described product surface does not necessarily indicate how people 
perceive this surface. This interaction is also subject to the properties of 
the consumer’s skin. The skin properties, and consequently skin friction, 
depend on a lot of variables, which either influence the skin from the 
inside out or through external influences.  
The human skin is composed of several layers, from the outside in 
they are called epidermis, dermis and subcutis.1-8 These layers, for their 
part, can be further divided.7-10 Each layer has its own characteristic 
composition and properties. In most skin-object interactions all 
skin layers play a role (Figure 10.1). The layers are firmly connected 
to each other and altogether they make the skin into a strong and 
flexible material with complex properties. The characteristics include 
viscoelasticity, anisotropy and the power to 
heal itself.7,11 
The skin owes its viscoelastic properties 
to fluid in the skin, like blood and lymph 
fluid.9,12,13 Due to external loads, the fluid 
flows to adjacent skin areas. After removal 
of the load there is some delay in the 
flow back, which gives the skin its time-
dependent character.
The properties of the skin are not equal 
in all direction. This is referred to as the 
anisotropy of the skin and is caused by the 
fibres in the skin.9,10 The dermis is built 
predominantly of strong collagen fibres, 
which strengthens the skin in the direction 
parallel to the fibres.14. The direction of the 
fibres largely resembles the direction of the 
underlying muscle tissues. 
The skin is a living material that is not 
only able to respond to internal and external 
stimuli, but it also constantly renews itself. It 
underlying tissue
subcutis
dermis
epidermis
Fnormal
V
Figure 10.1 All skin layers play a role in skin-object 
interactions.
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has the ability to repair itself and on the outside the epidermis constantly 
flakes off while it is built up at the border with the dermis.6-9,11,15 The skin 
protects itself by its self-healing properties, but it also protects the body. 
The so called barrier function stops too many body fluids from escaping 
from the skin and it keeps most external hazards such as bacteria outside 
the body.6-9,15 The quality of the barrier function is determined by the 
hydration of the skin, which in turn is influenced by the use of skin care 
products and the washing routine of a person.6-9,11,15,16 
This section illustrated that the skin is an ingenious but complex 
material. The subsequent section will illustrate how the skin and other 
variables influence the friction measured in skin-object interactions. 
10.3 friction in skin-object interactions
It has already been mentioned before that skin friction depends on the 
skin’s characteristics, though skin friction is influenced by many more 
variables. These can be categorised into: 
- the properties of the product material;
- skin variables;
- subject characteristics;
- environmental conditions;
- the parameters of the interaction.
The material of a product influences the friction: not only the 
type of material, but also the structure or finish of the product. For 
example, the friction between the skin and a polyester bottle is different 
from the friction between the skin and a fabric woven from polyester 
fibres. Environmental variables do not just include the temperature 
and humidity of the environment, but also contaminations in between 
the skin and product such as make-up, dust or sand.8,11-13,15,17-19 The 
parameters of the interaction involve the force by which the materials are 
pushed together and the type and velocity of the relative motion between 
the variables. Skin friction is usually expressed in the coefficient of 
friction, defined as the ratio of the friction force to the normal force. 
Skin friction studies have determined a number of variables that 
influence the friction in skin-object interactions. Some examples of the 
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results are that skin friction is influenced by the age of the subject and the 
hydration of the skin. 
10.4 skin friction in ProDuct DeVeloPment
This section will give some examples of how skin friction knowledge can 
be used in product development. 
10.4.1 Specialised hand tools
In the literature, there is consensus that the coefficient of friction is lower 
for people with a poorly hydrated skin compared to people with a well-
hydrated skin.9,20,21 These people respond to this reduced friction with 
higher gripping forces. In fact, they overcompensate with their gripping 
force and squeeze a product or handle harder than necessary to hold it 
and to prevent it from slipping in their hands.20 This can lead to increased 
muscle tension in the arm, neck and shoulder, leading to local complaints, 
also known as CANS (or the former RSI). CANS is a common reason for 
absence from work.22 
Solutions for this friction problem can be twofold: one option is to 
advise the customers in their daily skin care routine. Frequent washing of 
the hands will rinse away the substances in the skin that are responsible 
for the hydration of the skin and consequently the hydration level of 
the skin decreases,6,11,16 thereby decreasing the friction between the skin 
and many materials.9,20,21,23-29 Decreasing the frequency of washing the 
hands can help the skin to recover and to improve the hydration of the 
skin. Consequently, the friction will increase again. The use of skin care 
products such as hand creams can help in further hydrating the skin. 
These options can be a solution for the skin-side of the interaction, but it 
is also possible to adapt the product surface. The material on the handles 
of hand tools, for example, could be adapted to increase the friction and 
compensate for the lower friction due to the dry skin. However, too much 
friction between the hand and tool can lead to scratched skin or blister 
formation. The adaptation of the whole assortment of hand tools could 
thus be beneficial for people with dry skin, but at the same time harmful 
for those with a well-hydrated skin. 
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Specialised hand tools for people with dry skin could therefore 
provide an alternative. This is comparable to the subdivision of skin care 
products, in which the distinction between products for normal skin and 
products for dry skin has been in existence and has been accepted for 
decades. 
10.4.2 Opening packaging by elderly
The other application of skin friction in practice is a famous and perhaps 
even notorious one: the problem the elderly have with the opening of 
packaging, such as bottles or jars. A well-known explanation for this 
problem is that the force that the elderly can exert with their hands is 
reduced,30,31 whereby they are not able to summon the grip force needed 
to open the jar. Actually, it is not only the grip force that is important to 
open a jar. When opening a jar or a bottle, there is a certain amount of 
torque necessary to open the jar. The torque is the result of an opposite 
movement of the hand holding the jar on the one side and the hand 
holding the lid on the other side. The maximum torque that can be 
produced depends on the grip force and the coefficient of friction. A low 
coefficient of friction, even in combination with a high grip force, will 
lead to slippage between the hand and the lid or jar.
So the reduced maximum grip force of old people reduces the 
maximum torque that can be used to open the packaging. The main 
objective in opening packaging is simply to get the object in question 
open. The chances of developing blisters when opening a single packaging 
are, realistically speaking, negligible. Therefore, it could be argued that 
jars and lids combined have to be designed in such a way that even the 
weakest group of consumers with the most slippery hands can produce 
the torque needed to open the packaging: on the principle that if they can 
open the packaging, everyone can. 
Conversely, this can be a matter of debate, because bottling lines are 
used to fill bottles or jars. In these type of mechanised systems, the bottles 
have to move smoothly along the line. Too much friction between the 
bottles may cause bottles to get stuck. This dilemma can be a challenge for 
product developers. 
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The proportional rise in the ageing population means that the 
availability of rooms in homes for the elderly is getting limited. In 
the future, people will have to be as self-supporting for as long as 
they possibly can. Being able to open jars and bottles when preparing 
meals etc. can bring relief to older people and can help them to remain 
independent. 
10.4.3 Knowledge of skin friction
The examples of the specialised hand tools and the opening packaging 
illustrate that skin friction is important in consumer-product interactions 
and that knowledge of skin friction can be used for the development 
of new product or can be the occasion for reconsidering the design of 
existing products. But in what stage in the development process can the 
designer use skin friction knowledge, and where does the designer find 
such information?
Information that is relevant for the product, or skin friction 
application, of interest, can be obtained by executing skin friction 
measurements under conditions that approach the real circumstances. 
However, this requires expensive measuring equipment,  insight in 
tribological testing and analysis, and many test subjects for sufficient 
statistical power. Therefore, it can only be recommended for product 
developers to execute skin friction research, for example, when this 
can be justified with large sales. Another alternative can be to use the 
scientific literature on skin friction. The results and conclusions reported 
in the literature, however, vary largely and there is no consensus on which 
variables influence skin friction and which variables do not. The authors 
recently contributed to skin friction research with some studies on the 
influence of important variables on the friction between the human skin 
and other materials.21,32 They also developed a multivariable model,33 in 
which the coefficient of friction can be predicted with the information 
of other variables. These variables include the site on the body, the 
temperature of the skin, the age of the subject, the surface roughness of 
the product’s material, the surface energy of the material and the ambient 
temperature. The information from such a model can be used to obtain an 
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indication of the frictional behaviour between the skin and the product 
surface already in an early stage of the development of a product. 
In a later stage in the development, tests with consumer panels can 
be used to confirm the product improvement or to provide additional 
information on the friction between the skin and the product. The 
friction between the bottles on a bottling line can be studied with usual 
material testing techniques. 
The examples in the previous sections already illustrated that skin 
friction problems can be the occasion for the development of a new 
product or for the redesign of an existing product. Companies can receive 
feedback of customers that the products they have bought fall short of 
expectations. This will be the first indicator for problems. Panel tests or 
observational data can reveal that the problems are related to the friction 
between the skin and product surface. 
10.5 conclusions
In conclusion, the variety of applications in which skin friction plays a 
role are numerous and widely divergent: functionality, touch and feel, and 
skin injuries. 
Skin friction knowledge can be used by product developers to enhance 
the functionality or usability of products, to decrease skin injuries caused 
by the use of products and to increase the perceived quality and touch 
and feel properties of products. 
10.6 references
1. Anderson RR, Parrish JA. The optics of human skin. J Invest Dermatol 
1981;77:13-9.
2. Briggaman RA, Wheeler CE. The epidermal-dermal junction. J Invest 
Dermatol 1975;65:65-71.
3. Brody I. The ultrastructure of the epidermis in psoriasis vulgaris as revealed 
by electron microscopy. J Ultrastruct Res 192;6:304-23.
4. Burger B, Fuchs D, Sprecher E, Itin P. The immigration delay disease: 
adermatoglyphia-inherited absence of epidermal ridges. J Am Acad Dematol 
2011;64:974-80.
5. Cal K, Zakowiecki D, Stefanowska J. Advanced tools for in vivo skin analysis. 
Int J Dermatol 2010;49:492-9.
6. Madison KC. Barrier function of the skin: “la raison d’être” of the epidermis. J 
Invest Dermatol 2003;121:231-41.
202 Relating friction on the human skin to hydration and temperature of the skin
7. Venus M, Waterman J, McNab I. Basic physiology of the skin. Surgery 
2010;28(10):469-72.
8. Wickett RR, Visscher MO. Structure and function of the epidermal barrier. 
Am J Infect Control 2006;34(10):S98-110.
9. Derler S, Gerhardt LC. Tribology of skin: review and analysis of experimental 
results for the friction coefficient of human skin. Tribol Lett 2012;45:1-27.
10. Dick JC. Observations on the elastic tissue of the skin with a note on 
the reticular layer at the junction of the dermis and epidermis. J Anat 
1947;81(Pt3):201-11.
11. Bouwstra JA, Groenink WW, Kempenaar JA, Romeijn SG, Ponec M. Water 
distribution and natural moisturizer factor content in human skin equivalents 
are regulated by environmental relative humidity. J Invest Dermatol 
2008;128:378-88.
12. Edsberg LE, Mates RE, Baier RE, Lauren M. Mechanical characteristics of 
human skin subjected to static versus cyclic normal pressures. J Rehabil Res 
Dev 1999; 36(2):133-41.
13. Nakazawa N, Ikeura R, Inooka H. Characteristics of human fingertips in the 
shearing direction. Biol Cybern 2000;82:207-14.
14. Langer K. On the anatomy and physiology of the skin. I. the cleavability of the 
cutis. Br J Plast Surg 1978;31:3-8.
15. Rawlings AV, Harding CR. Moisturization and skin barrier function. 
Dermatol Ther 2004; 17:43-8.
16. Nakagawa N, Sakai S, Matumoto M, Yamada K, Nagano M, Yuki T et al. 
Relationship between NMF (lactate and potassium) content and the physical 
properties of the stratum corneum in healthy subjects. J Invest Dermatol 
2004;122:755-63.
17. Arumugam V, Naresh MD, Sanjeevi R. Effect of strain rate on the fracture 
behaviour of skin. J Biosci 1994;19(3):307-13.
18. Neerken S, Lucassen GW, Bisschop MA, Lenderink E, Nuijs AM. 
Characterization of age-related effects in human skin: a comparative study 
that applies confocal laser scanning microscopy and optical coherence 
tomography. J Biomed Opt 2004;9(2):274-81.
19. Rawlings AV. Ethnic skin types: are there differences in skin structure and 
function. Int J Cosmet Sci 2006;28:79-93.
20. André T, Lévesque V, Hayward V, Lefèvre P, Thonnard JL. Effect of skin 
hydration on the dynamics of fingertip gripping contact. J R Soc Interface 
2011;8(64):1574-83.
21. Veijgen NK, Masen MA, Heide E van der. Relating friction on the human skin 
to the hydration and temperature of the skin. Tribol Lett 2012.doi:10.1007/
s11249-012-0062-1.
22. Eltayeb S, Staal JB, Kennes J, Lamberts PHG, Bie RA de. Prevalence of 
complaints of arm, neck and shoulders among computer office workers and 
psychometric evaluation of a risk factor questionnaire. BMC Musculoskelet 
Di 2007;8:68
203
Relating friction on the human skin to hydration and temperature of the skin 
CHAPTER10
23. Besser M, Marpet M, Medoff H. Barefoot-pedestrian tribometry: in vivo 
method of measurement of available friction between the human heel and the 
walkway. Industrial Health 2008;46:51-8.
24. Egawa M, Oguri M, Hirao T, Takahashi M, Miyakawa M. The evaluation of 
skin friction using a frictional feel analyzer. Skin Res Technol 2002;8:41-51.
25. El-Shimi AF. In vivo skin friction measurements. J Soc Cosmet Chem 
1977;28(2):37-52.
26. Fagiani R, Massi F, Chatelet E, Berthier Y, Akay A. Tactile perception by 
friction induced vibrations. Tribol Int   2011;44:1100-10.
27. Gerhardt LC, Strässle V, Lenz A, Spencer ND, Derler S. Influence of epidermal 
hydration on the friction of human skin against textiles. J R Soc Interface 
2008;5:1317-28.
28. Tomlinson SE, Lewis R, Liu X, Texier C, Carre MJ. Understanding the friction 
mechanisms between the human finger and flat contacting surfaces in moist 
conditions. Tribol Lett 2011;41(1):283-94.
29. Zhu YH, Song SP, Luo W, Elias PM, Man MQ. Characterization of skin 
friction coefficient, and relationship to stratum corneum hydration in a 
normal Chinese population. Skin Pharmacol Physiol 2011;24:81-86.
30. Lewis R, Menardi C, Yoxall A, Langley J. Finger friction: grip and opening 
packaging. Wear 2007;263:1124-32.
31. Yoxall A, Janson R, Bradbury SR, Langley J, Wearn J, Hayes S. Openability: 
producing design limits for consumer packaging. Packag Technol Sci 
2006;19:219-25.
32. Veijgen NK, Masen MA, Heide E van der. A multivariable model for 
predicting the frictional behaviour and hydration of the human skin. 
Submitted to Skin Res Technol. 
33. Veijgen NK, Masen MA, Heide E van der. Variables influencing the frictional 
behaviour of in vivo human skin. Submitted to J Mech Behav Biomed. 

CHAPTER11
Conclusions of the application of 
the RevoltST 

11CHAPTE
R
Conclusions of the application of the RevoltST 
The RevoltST was used for skin friction measurements. The 
measurements were not painful and perceived comfortable and 
tickling. The skin temperature and hydration of the skin were measured 
at the same anatomical locations as those used for the skin friction 
measurements. 
Additional information was obtained with a questionnaire, in which 
subjects gave information about their age, gender, height, body mass, 
physical fitness, and eating and drinking habits. 
The measurement programme showed that people were willing 
to cooperate on two conditions: as long as (a) the measurements did 
not take too much of their time, and (b) they did not have to remove 
any clothing. These conditions were met and in total 51 volunteers 
participated in the study, which was executed on four days on different 
locations in the Netherlands. 
The results for the coefficient of friction, skin temperature and skin 
hydration are in the same range of those reported in the literature. The 
large data set enabled the use of statistics to determine the effects of the 
assessed variables, and the construction of a multivariable model that can 
be used to predict the coefficient of friction with several other variables at 
a time. 
This thesis not only describes the development of the Revolt 
SkinTribometer, but also the variables that affect the frictional behaviour 
of the human skin. Furthermore, a predictive model has been developed 
and the relevance of skin friction for practical applications such as 
product development is illustrated. 

Conclusions and recommendations

Conclusions and recommendations
general conclusions
Skin friction plays a role in virtually every situation. The situations in 
which skin friction is important can be categorised into functionality, 
comfort and aesthetics, and skin injuries. Skin friction has been a topic 
for research for almost 60 years, and the interaction between the skin 
and other materials has often been described as a system with many 
unknown variables. The studies focus predominantly on the input of the 
system, including the normal load and velocity of the relative motion, 
and the properties of the contact material, which are often expressed as 
the type of material and surface roughness. The properties of the skin 
area of interest and the interpersonal differences are often disregarded or 
underestimated. In these studies, for determining the effects of variables 
such as gender or age, the results of a limited number of measurements 
obtained from a small number of subjects have been compared, even 
though there are many more variables than just age or gender involved in 
such comparisons. 
The objective of this thesis is to contribute to knowledge on skin 
friction, by determining the effects of important influential variables for 
skin friction in particular. This not only involves the contact parameters, 
or the properties of the contact material, but also variables influencing 
the characteristics of the skin sample of interest. The RevoltST is a new 
measuring device, specifically developed for achieving this objective. The 
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newly developed device is suitable for measuring the friction between 
the skin and a contact material of choice. This device is the first mobile 
tribometer that can make wireless measurements, that stores the data in 
its internal memory, and that can measure at a range of different velocities 
and normal loads. Before the RevoltST was used for skin friction 
measurements, the measured forces were verified using a commercial 
force sensor and a pilot test programme was performed. The pilot study 
demonstrated that the results obtained with the new device compare to 
results reported in the literature. 
The device has been used to create a large data set of skin friction 
measurements. A literature review has identified some potentially 
important variables that are assessed in a questionnaire. The data set 
consists of a combination of measurement results and information 
about potential influential variables, and can be used to determine 
which variables are important for skin friction. The large data set of skin 
friction measurements showed that there is a large range in the obtained 
coefficients of friction: µstatic varied between 0.10 - 3.86 and µdynamic 
between 0.08 and 3.64. The measurements have been obtained from 
healthy volunteers. The measurements were executed with normal loads 
ranging from 0.5 to 2.0 N, and relative velocities of 1, 2, 5 or 10 mm/s. 
The skin on five anatomical locations was measured:
- the mid-ventral aspect of the forearm (FAV); 
- the mid-dorsal aspect of the forearm (FAD); 
- the palmar aspect of the distal phalanx of the index finger, also 
referred to as index finger pad (IFP);
- the middle of the dorsum of the hand (HD); 
- the skin over the pterion, also referred to as the temple (T). 
For the material in interaction with the skin, four materials were used: 
stainless steel (AISI 316 LN), aluminium 6063, low density PE and PTFE. 
The materials had different values for the surface roughness. Not all 
materials, normal loads, velocities or anatomical locations were tested for 
all subjects. For all subjects at least three anatomical locations were tested 
(FAV, FAD and IFP).
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The results indicate that there is a strong correlation between the 
static and dynamic coefficient of friction. A linear relationship was found, 
which can be described by: 
  µdynamic  = 0.85 * µstatic
Variables that are significantly related to the friction measured at the 
human skin include:
- the hydration and temperature of the skin; 
- the normal load between the skin and contact material;
- the anatomical location;
- the amount of hair present on the skin;
- skin treatment (washing or use of skin care products);
- age of the subject;
- the subject’s height;
- ambient temperature; 
- relative humidity. 
Skin friction has been associated with a large variety of variables. In 
practice, all variables influence the friction measured at the human skin at 
the same time and it is not possible to vary one variable while the others 
remain constant. The large data set, which consists of 634 skin friction 
measurements in total, is used to study the multivariable character of 
skin friction. The analyses indicated that both the static and dynamic 
coefficients of friction can be predicted with the model. The model 
included the following variables skin hydration, skin temperature, age, 
subject’s height, the anatomical location, the surface energy and surface 
roughness of the contact material and the ambient temperature. 
An additional model was constructed for the hydration of the skin, 
which can be associated with several variables at a time as well. 
The multivariable approach to skin friction can be extended with 
other variables to increase the practicability of skin friction. The 
multivariable models described in this thesis used the data to predict the 
outcome measures “static coefficient of friction”, “dynamic coefficient of 
friction” and “skin hydration”. 
Additional information can be obtained on comfort variables (e.g. 
is the interaction comfortable - not comfortable, or does the material 
slip or not). When these variables are used as an outcome variable for 
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a multivariable model and the skin friction data and relevant variables 
are related to that outcome variable, it would be possible to construct a 
predictive model for comfort or functionality. 
Such models can offer a solution to, for example, product developers. 
The availability of a predictive model can be an inexpensive and 
time-saving alternative for panel tests and can make it possible to 
implement surface modulations in an early stage of the development 
process of products. There are also other fields that could benefit from 
more extensive and comprehensive skin friction knowledge, such as 
dermatology, rehabilitation and cosmetology.
recommenDations
Enlarging the existing data set
For identifying the variables influencing skin friction, it is advisable to 
enlarge the existing database of skin friction measurements. When adding 
more measurements with the same variables, it is possible to identify 
not only strong relationships, but also weaker relationships. Examples 
could be more values for the normal load or more measurements for the 
different values for the relative velocity. 
Adding more potentially relevant variables to the data set
Besides increasing the number of measurements in the data set, another 
recommendation is to add even more potentially important variables to 
the data set so that the effect of even more variables can be identified. 
Examples of interesting variables could be: smoking habits, other 
anatomical locations such as the posterior aspect of the calcaneus (the 
back of the heel), other contact materials or perception variables.
Create multivariable models for skin friction applications
An objective for researchers could be to identify the variables that 
influence skin friction. Moreover, skin friction could turn out to be a very 
interesting subject for product developers and in other practical fields. A 
useful addition to skin friction could be predictive models for touch and 
feel, for instance. This would give product developers the opportunity 
to put skin friction knowledge into practice in consumer products. 
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Another very interesting option, though not without difficulties, could be 
a predictive model for skin injuries. This, however, would be complicated 
and requires specialised knowledge of skin and medicine. 
Reducing the size of the measuring device
The RevoltST is optimised for the normal loads and velocities that were 
set in the requirements, using components that were available in the 
market as far as possible. 
The availability of components largely determined the dimensions of 
the device. With other requirements, such as other ranges in normal load 
and velocity, it could be possible to develop an even smaller tribometer. 
With the availability of smaller equipment, such as data aqcuisition 
systems or smaller  but more powerful motors, can help to further reduce 
the size of the device. 
Reducing the dimensions of the device, could make it suitable for 
using it for even more skin friction applications. 
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